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FOREWORD

This report was initiated by the Flight Accessories Laboratory,
Aeronautical Systems Division, Wright-Patterson Air Force Base,
Ohio. The research and development work upon which this report
is based was accomplished by the New Product Research Depart-
ment, Tapco Division, Thompson Ramo Wooldridge Inc., and its
subcontractor, the Thermo Electron Engineering Corporation,
Cambridge, Massachusettsunder Air Force Contract AF 33(616)-7411,
Item No. VII, Project No. 8173, Task 817305-4., "Design Study for
Advanced Solar Theriionic Power Systems." The report covers all
work performed during the period from June, 1960 to August 1962.

Captain Eugene F. Redden and Mr. A. E. Wallis monitored the
project fcr the Flight Accessories Laboratory of the Aeronautical
System Division.

The Thopson Rma Vooldridge Inc. engineering report nmber is

M-5o38.



AESUACT

This report contains a state-of-the-art survey of all components
required for advanced solar thermionic power systems in the 1-10 KV
range suitable for application in aerospace vehicles. The results
of the survey and development program were used in a comprehensive
parametric study to determine design criteria applicable to these
systems. The development program included evaluation of thermionic
converters of the vacuum and vapor type. The details of the design,
fabrication, performance tests, and evaluation of the thermionic
converters and generators built during the program are presented.

The importance of the proper selection of solar receiver configu-
ration, as well as the requirement for high precision solar
concentrators, is treated extensively. Consideration is also
given to the requirements of the orientation subsystem, energy
storage subsystem and the many control requirements necessary to
adequately orient the solar concentrator arrays, store energy
for the shade portion of the orbital cycle and properly condition
the electrical power required by the vehicle load.

The Appendix presents a detailed design, performance, and test
specification for a 1.5 KY, 28 volts solar themiuinic power system.
7his design is based on all the knovledge aeamlated in this program.

PU LCATIOK RIVWV

fte publication of this report does not constitute approval by the
Air Force of the findings or conclusions contained herein. It Is
published for the exchange and stImulation of idea.
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1.0 INTRODUCTION

The primary objective of the Air Force program described in this report was

to establish design criteria for advanced solar thervionic power system. in

the 1-10 KU range suitable for application in aerospace vehicles.

The program to accomplish this objective included a state-of-the-art survey

of all system components as well as a comprehensive research, design, develop-

ment, test and evaluation program directed toward advancing the art for

thermionic converter and generators.

The major system component study was carried out by the TAPCO Division of

Thompson Ramo Wooldridge Inc. and included thermionic generators, solar con-

centrators, orientation subsystems, energy storage subsystems and control

subsystems. The research, design, development, fabrication and electrical

characteristic studies of thermionic converters were performed by the Thermo

Electron ngineering Corporation under a subcontract. The thermionic generator

performance tests and evaluations were conducted by Thompson Ramo Wooldridge.

Results of these study and development efforts were then used to establish the

governing factors, design limitations and feasibility of solar thermionic

power systes over the power range of interest.

The design of a solar thernionic power sytem with a continuous power output

rating of 1500 watts at 28 volts was completed. A detailed performance and

test specification for this 1.5 KU system was also established. This design

is based on the state-of-the-art of components " established during the

progrM.

M sVorelead by the antlo (Awo 396) Aw pdatcaftm as an
AND Taeuml Doment Repeb.
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2.0 SUMMARY

At the time york on this program was begun, it was generally believed that

both the close spaced vacuum and cesium vapor type thersionic converters held

great promise for application in solar thermionic power systems. A comparative

evaluation of both types based on intensive research and development efforts

during early phases of the program shoved a marked superiority in the cesium

type converters. Efforts to develop the cesium converter had resulted in the

attainment of nearly 500 hours of operation at watt densities of over 10 atts/cm

with calculated efficiencies of over 15% in experimental models. The vacuum

close spaced units had been made to operate for only 20 hours at power densities

of 0.4 watts/cm2 at calculated efficiencies of 4.0%. This marked difference in

performance, coupled vith several still-unsolved structural problem associated

with the close spaced converters, resulted in a recommendation to discontinue

work on vacuum type converters. It was subsequently decided that two promising

cesium vapor type thermionic generators would be evaluated during the reminder

of the program.

The first generator utilized two cylindrical geometry converters connected in

series. Each converter ms designed to produce 200 watts at 1 volt with 15%

overall efficiency as the design objective. Converter #1 produced 160 watts

at approximately .8 volts with a 10.6% efficiency. Converter #2 produced

200 watts at .8 volts with a 13.6% overall efficiency. Both converters were

successfully operated in series with a coined output of 310 watts at 1.5 volts

and an overall efficiency of 9.6%, as determined by the ratio of total electrical

output to total electrical power input.

he sec generator configuration is called the cubical cavity generator because

of the arrangement of five flat emitter faces to form a cubical cavity absorber.

The sixth face of the cube served to afmit flux from a solar concentrator.

Two generators of this configuration were designed, but only the second design

rated at 125 watts was comleted and performance tested. This generator vas

tested n the laboratory for over 72 hours and produced 122 watts at 3.7 volts
vith a 7.6% overall efficiency. An evaluation of the performance of each

generator configuration Is treated in the body of this report.

Ia addition to the development and evaluation program carried out on the

thermionie genemtors, the state-of-the-art in all other major coonent areas



was su~bj ect to close examination. Components such as solar concentrators,
orientation subsyitms, eneror storage systems, electrical controls and
structural concepts were all, carefully studied to determine what hardware and
configurations might be applicable to a prototype thermionic power system at
this tim.

Because of the temperatures associated with the efficient operation of thermionic
generatorsponly precision, rigid type solar concentrators in conjunction with
highly efficient cavity type solar receivers are suitable for solar thermionic
power system. Solar concentrator requirements and fabrication tecimiques
perfected at this time Indicate that only nickel electroformed concentrators
are acceptable for a system application. The state-of-the-art as it exists
todayT limits the size of such aonenrators to 5 feet In diinter,with
reflectivities on the order of 89% being the best attainable. Development
In the area of lightweight precision aluuirnum concentrators has shon much
promse and may eventuaflly replace the nickel concentrators at half the weight
penalty, but to date such concentrators have not met the optical requirements
for theszomic systems.

It was Imdiately recognized that one of the major control areas associated
with a thermionic power system. is that of sa acquisition and tracking. For
the studies conducted in this program, it was assumed that Inertial or course
pulse jet control vould be used to smmoient the vehicle within -5degrees

to help minimise fuel requirements and control complexity. Subsequent evalu-
ation of generator and concentrator performance indicated am orientation of
± 6 minutes or better was actually required for the thermionic system. Also,
because such a system was to be nf of many module assemblies with attendant
aEmen problms because of the mn hinge joints -fd structural mambers
Involved, sm method of providIng a fine orientation control for each module
Is required. A relatilvely sIqile machanism called a heliotropic swift was
evaluated to dstmin Its, abilty to fulfill thi need.

The heliotropic ummtpvhio onsists of a series of bimetallic sena-cmo
elamets.tects the Improper location of the concentrator focal spot on the
generator fae dus to unven heat of the biata sensors. 2is uvren
besting results In a orrective form in th bimetal elementsa mifth repositions



the concentrator to restore proper aligament. The feasibility of 4 hello-

tropic orientation mechanism has been demonstrated by Thompson Ramo Wooldridge

under a corporate sponsored progam. The further demonstration of its practical

application with a thertionic module remains to be accomplished.

Studies of the various techniques for energ storage. such as inertial, thermal

and electro-chemical indicate that only the latter in presently suitable for

high-aeperature thermionic system applications. While work is being carried

on to perfect the use of several thermal storage materials, these are far from

achieving state-of-the-art recognition. Among the many electro-chemical

storage systems,only two seen practical for a long-term orbital application.

These two are nickel-cadmium and silver-cadmium storage batteries. The silver-

cadmium batteries, however, enjoy a considerable weight-to-poer advantae

over nickelcadmium. and require far less limiting of the depth of discharge to

obtain high cycle life.

Other areas,such as structures and deployment concepts, electrical systems

controls, thermal controls, and orientation and start-up controls, are covered

in detail in body of this and other reports. The state-of-the-art in these areas

appears to be sufficiently advanced to met the requirements of the thermionic

power system.

The results of all studies and developments were incorporated in a parametric

design study and tempered with practical considerations and limitation in present

day state-of-the-art hardmare. As a result of all nowledge aimed In the progp.,

it has been established that the practical ranges for solar thermioic systems

for orbital applications would seem to be for power ranges of from 200 watts to

3000 wtts. This lialtation is dictated by practical structural considerations.

The Appendix of this report presents a detailed design, performance and test

specification for a 1.5 NW, 28 volt continm s power system. te design presented

has a specific weight of 440. lb/W. As thermionic converter and generator effl-

clencles Increase and solar conetrator weight decreasesafrked improv-ments

In specific weight can be expected.



3.-0 SOLAR TNHft4ONIC SYSTD4 COGUMIITS

3.1 Thermionic Osnerators
Work on the hardware portion of the program vas Initiated during June of 1960
with the objective of establishing design criteria for future solar thermionic
pover systeum. The program Included design studies, theoretical and experi-
mental studies of electrical characteristics; and prototype design, development,
fabrication and test. This work wes to be performd concurrently for both the
vacuum andA vapor types of thersionic converters and vas to be followed by an
evaluation of the relative mwrits of each. The design goals for the prototype
vacuum generator were 250 watts output at 28 volts,. and an overall 10% efficiency.
The vapor type generator had design goale of 250 vatts output at 28 volts, with
a 15% efficiency. Other design objectives were the achievement of 100 thermal
cycles and 100 hours of full-load operation. Theoretical and experimenta

studies of the electrical characteristics of both types of converter nzr
performed. A 15 watt vapor converter vas operated for 500 hours and achieved
power densities of up to 6 watts/m 2 . The vacuum converter test units did not
fare as wll. Based upon the prototype design, a test module of 2.5 watts output
which could be mss-produced and assmbled Into a generator, had been planned.
The test converters which were built fell well short of this objective.

Ons prototype design for the vapor generator required two cylindrical converters,
each producing 200 watts Thmess converters were to be series connected, and the
output was to be delivered to a DC-DC converter apal of stepping up the

voltage to 28 volts.

Under testtone converter produced apwacimtely 200 watts at an efficiency of

13.6%, mwil the other produced 16D watts at an efficiency of 10.6%. Soss
efficiencies were based on mesned. values of power output and power Input.

Iblloving the difficulties encountered In achieving the required power outt
from the vacu modules, 6mvlopment vork ves coatimued until Iroh 1961. At
this point, an evaluation w condted end a yeanatI Lumade that mart on
the vacu, type geimrator be a 1miid Tvo =njor fosters Saflumwed this
desision. liWvtD the perfolm ,e of the veui ocavorar had not lived up to

Psevi,0 ci. exetations of pabmnme, -- tUs fabrication of a mcola =It to
be ued In assmbln a 250 wat Sserto was cowsideably mrs aplisated
then bed been expeed. therafore, It ws ooamldd Oat a view tp
WesristuauM1 be so eaqmst d eqensi w to be lrntea. Ma



addition, progress in the vapor coniverter area had been very rapid and It had
becom obvious that a generator using the vapor principle would be greatly
superior to wne using the vacuau approach.

It mes also recovmanded that the vacuw approach be dropped In favor of
developing a cubical cavity cesiwa generator. This z'ecoinendation was accepted
wan development of such a generator was Initiated. Owprototype generator was
completed In May 1962. It consisted of five cesiumi filled converters connected
In series and mounted on a cavity block. goe emitters were hested by a two-

ste electron bosbardeent heater. This generator was designed so that It
could also be solar tested subsequent to laboratory testing. Initlil electrical
tests have shown an output of 90 watts at 5 volts, wad 12 watts at 3.7 volts. In
th course of limited solar testing with a 5 foot concntrator, the generator was
able to produce nearly 20 vatt with a soaw ooastant of only 75 wats per squae
foot.

Generator Concepts
Sine the objective of the entire propa ws to establish design criteria for
future solar thermionic power systeas, the design goals for the prototype units
were chosen with reference to the requirements of a solar powered conversion
system for satellite operation. Thus, am output voltage of 28 volts mechosen.
This Is the normel voltage required for aerospace axiliary power devices. go
generator was designed for wse with a solar conentato. beat rejection
systenme to be exclusively dependent upon radiation; the systewa required
to operate only In vacuuwa, and a design criteria vas to be mini.,a weigh per
unit of power output; since ainy satellite would be expected to poss in and out
of the earth's shadow, system warimp with a minim number of saxiliary opera-
tIons,, and the abilivy to withtand thernal cycling were also given omiefraime.
goe power level of 250 watts and the efficiency objectives of 10% forva
generators end 15% for vapor flled generators were thought to be reaseble
values ich could be expected by the end of the propuam.

At the tIm that the prop'me was initiated, the ya, converter tpp of
geeao appeaed to promise more rapid developmnt toward time goal of pretiaal.

hardvare. Amon Use expected advantages were: relatively simple staure, no
corrosion problem, rapid startap 4n to lack of depeabm "Ms bioging a @08-

6



filled envelope to temperature, attractiveness of simple modular construction,
ease of replacement of defective modules, the possibility of low-cost mass
production, and lovsr emitter temperature than cesium converters.

The major obstacles in the development of the vacuum close spaced converter
vere: (1) the choice of a suitable emitter material,. (2) the attainment
of close interelectrode space ( 16 1") to reduce the effect of space chargn,
and (3) the achievemnt of a collector work function of 1.8 volts or less to
ensure reasonable output pouers, efficiencies, and converter life.

The evaluation of emitter materials shoved the impregnated tungsten emitter to
be the most logical one for use in close-spaced converters; further, the shim,
spacer assembly techniqueme proven successful; however the fundmsntal problem
of achieving a low work function collector with long life reains to be solved.
hnother major problem requiring solution Is the satisfactory development of
techniques for producing vacuum diodes reliably and easily In the quantities
required for the assembly of higb-power Ulvices. OnT state-of-the-art In
vacuum converters to sumarized In Table 3o.

While efforts in the development of the cesium vapor thermionic converters
had resulted In converters that operated for over 500 hours at powes densities
In excess of 10 vatte per square centimeter with adjusted efficiencies of over
15%.. vacuum close-spaced. converters had operated for only 20 hours at pover
densities of 0.4 vatts per square centimeter and adjusted efficiencies of )i.0%.

It ms therefore recommended that the program be redirected to excld further
work on vacuum close-spaced, converters for sola thermiomic application and to
direct all efforts toward Increasing the performance and life of the vapor
converter.

Cesium Type Generator with Cylindrical Geomtry
Development of a cesium filled thernionic converter vae at a ah earlier s*Up
then the vacum development at the tim the program vas Initlated. Such
problem as asim corroeionp ceramIc-to-metal seals, cesium reservoir control
and strutural complications bad yet to be solved* Nowmverp the potential fOr
achieving hgier pouer desity with respect to both vabim and vWa Ad a
blowr conversion efficiency indicted that the problem vere lurth attacking.

Therefore, It we decided that ams phase of the program shouIA be an Abtt
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to develop a generator based upon a high-powered cylindrical vapor-filled

converter.

Cubical Cavity Generator

When it became apparent that a vacuum generator wa Impractical, the cubical

cavity generator was substituted. Such a generator is at a disadvantage when

compared to the cylindrical configuration since it Is made up of five separate

converters which must be mounted in a supporting block with the thermionic

converter emitters forming a cavity absorber. Since there are flux leakage

paths in the cavity between the emitters some beat flows through the cavity

without any portion being converted to electrical output. In addition, the

configuration of a converter for mounting in a cubical cavity is such that the

converter itself has greater beat losses than a converter of cylindrical

configuration.

The cubical cavity, however, has one very significant advantage vhch may,

under certain circumtances, allow it to exhibit superior characteristics to

those of the cylindrical converter. Each of the five converters mounted on the

cavity block Is capable of producing pproxImately the same value of 1 volt at

its terminals a the cylindrical converter. Since the five converters of the

cavity are connected in series, the generator will deliver its power at 5 volts.

3.1.1 Theoretical Study of Cesium Vapor Thermionic Convrters

Cesium converters are capable of various modes of operation. Although it Is not

possible to Identify the precise conditions under which a certain mode of opera-

tion merges into another, these modes of operation are easily characterized.

The factor that s probably most Important in characterizing the possible modes

of operation is the average number of collisions undergone by the electrons

during their travel from the emitter to the collector. Thus, the modes of

operation may be grouped Into two broad categories: "collision free" modes

and "plasma" modes. In the collision free modes, the electrons leaving the

emitter seldom undergo substantial collisions before reaching the collector;

such a condition is achieved, of courme, by using relatively low Cesium vapor

pressures and small interelectrodle saiW. Tn the plasmas mo d e , the Inter-

electrode specing is relatively large, the Cesium vao pressure is mlatively

high, and most emitted electron collide several timee with cesium atome and

ion before reaching the collector.

9



The plasm mode of operation we chosen to achieve the des ign goals of the
contract. In the plasm mode of operation, the higi vapor pressure, of the
cesium results in copious ionization of the cesium atoms striking the emitter.
The resulting buildup of cesium ions In front of the emitter create* a sheath
potential at the emitter, as Illustrated in Figure 3.1.1# This potential
distribution hss the effect of accelerating the emitted electrons and thus
imparts to them a considerable velocity which is later randomized because
of multiple collisions with the atom and ions in the interelectrode sae.
To satisfy plasm boundary conditions, a second sheath potential,, wiche Is
also show In Figure 3.1l.91io created at the collector.

Figure 3.1.*1 defines nosenclature pertaining to the operation of the cesiims
plasm converter: J.and OCare the emitter wa collector vork functions.,
respectively; V. and VCare the c oesondng sheath potentlals; an V is the
output voltap, which Is

V aUO - 4)- (vE + 1%8 + hPL - (1)-
Mihre IR~s Is the voltage drop across the cesium plasm and IL~ is the voita4P
drop in the optimized emitter lead.

If we let Tdenote the teperature of the electron phase in the pIMM, tae
corresponding randomized current 1. wil be given by

CeUV~~~3 v electron production rate,

-e electron cheap, p electran ftnit1W In Uw plasm,

ne a electron me.

Equation (2) Is of little wee became the electron Ommilty 'e co be paediclad
with sufficient accuracy. It Is possible, however, to ellainte the ramimdo
current as a variable by writing tin followin slautmwca eqatMa for g
set CUrrent

10



MOTIVE DIAGRAM FOR CESIUM PLASMA CONVERTER
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The first of these equations states that the emitted electrons are all

accelerated into the plasma by the emitter sheath and hence contribute the

amount It o the net current. The net current is not I because some of the

electrons in the plasma have sufficient kinetic energy to overcome the emitter

sheath, and become captured by the emitting surface. This reduction in current

Is expressed by the last term in Equation (3). Equation (4) expresses the net
current in term of the sheath potential at the collector. The net current is
that fraction of the randomimed current Io which reaches the collector, reduced

by the ion random'sod current I which is transformed (at the collector by

electron capture) Into a neutral atom "current."

Equations (3) and (I&) may be combined with Equation (1) to Yield:

and, if the IR drop is neglected,

- d - k-, (6)

If the sheath potential VE is not much reater than kT., Equation (3) shows that

I and Is are of the same order of maitud. Mrefore, provided that the

current I has sufficient magpibade (e.g., greater then 20% of 1.), 1 >91i,
Squation (6) tbn become

Mqton ( ) M Is of great interest. It states that if the emitter temeature

Is mintained constant (so to a 1 . constant), the resultifg plot of V vs
In [(I. - 1)/IJ sowuld have the elogia k!a.

To calculate the IR drop oppearifg In Rquatlom (1) and (5), we am ase the

12



S) A(8)

3 2 o-l
p - 12VnAD, nA D 3.13 x 1T. neter ,

go w electron cbaMxgs k - Boltzmnn's cont@t,

n a density of the electrons.

Predicted Performnce of the Cesum Plam Converter
From Equation (5) It is possible to construct curves shovins output and
efficiency for the converter if ve coosee ertain parmeters of operation

ama estimte the electron temperatue in the o0i0 plm.

aw parme'ter chosen ae:

emitter temperature w 2000°K,

cesium condensation temperature - 600
collector temperature - 900,
sOacing a 0.010 In.

From the LnUS r and Taylor data for ceiuIm covere on tunspten, w cm
detezine the folowing:

emitter work function - 3.05 volts,

emitter saturation curnt - 10 smp/m2

collector work function a 1.81 volts.

Early data obtained at Thermo Electron Enlineering Corporation Indicated a
rmp in electron temperatur of from 5000K to lOOO0*. C hvMm ben
calculated for the extreme of this ramp.

The diameter and length of the emitter lead hve been optimised for mOXImS
efficiency. This is neoessary since a lead vith too larg a dimeter vi
came a larg hoat loss by conductIon, and a lead with too smll a diater
wil cam a Iarp Iloss. go 1 in cwaelium is mglected in the

t becaue they M MsUly quite Smml.

13



The current voltage characteristics of the cesium plasma converter are

presented in Figure 3.1.2. The ideal efficiency, based only an electron cooling

heat loss, emitter-to-collector radiation heat loss, cesium conduction heat

loss, and optimized lead conduction lose, Is plotted against voltage in

Figure 3.1.3.

Subsequent tests of thermionic devices show a reasonable agreement vith the

theory except that it appears electron temperatures are frequently below

50000 K and the internal impedance characteristics of the converters are much

higber than vould be indicated by the calculations. In the course of the

theoretical study., it became evident that more data vould be necessary to

pinpoint the exact operating conditions of cesium plama converters. An

experimental prorm vas formulated to study electrical output (current and

power versus voltage) and efficiency as fuctions of the Important variable

parameters, namely, the emtter, collector, and esilum condensation toperatures,

and also to stuy the transient changes In output associated vith sudden changs

in applied load.

3.1.2 Desl and Construction of the Cesium Plasa Test Converter

The final design of the cesium plasma test converter va copleted early in

October 1960. The converter cross-section Is shown In Figure 3.1.4. In the

final design, a metal ceramic Insulator vith a larg Inside dimeter vas used

to permit recessing of the tantalm eaitter into the mtter casing. This
shortened the copper collector and moft the entire converter mre cmpat.
Cylindrical radiators were machined as Integral parts of the emitter casing
and the collector. Two long copper tbes vere connected to the collector half
of the casing. A coper block, grooved to accept insulated heater vire aroumd

itjvs brazed nea the end of one tdbe. This block is the cesil reservoir.

Its tempersare am be controlled to the desired cesil= condensation temperature
by Passing currmt throh the beater vire. Te cesium opsule Is within the
copper tdbe below the oesium reservoir. A copper pUM Is brazned Into the bottom
and of the copper tibe. Te second copper the Is t e evacuation te, which
is .oto e to a vamn apable of mantainn prassms of the order

Of 10. ARM U



CIINT VIEU VOLTAGE CUMS FOR CISRA COtMM GOPION
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WEtAL IFFCIENCY VESUS VOLTAGE FOR CESNRM CONVERTER OPERATIO
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The collector beater Is a tungsten filament through which alternating current

Is passed. Part of the beat radiated by this filament is absorbed by tbe

collector,, thus increasing tbe collector temperature. The ends of tbe filmnt

are brazed onto molybdenum cylinders,, vhich in turn are brazed onto ceramic
metal leadthroughs. The tvo leadthroughs are brazed to a muting plate.

The electron beating filament is mounted just atove the emitter. It Is

Identical to the collector beater as far as support structure Is concerned.

Tbe tungsten filment Is S-shaped, vith tbe plane of tbe S parallel to the

surface of tbe emitter.

Tebrases used vere chosen on the basis of mechanical strength, dutility,
vattability, vacuim-tightness, malting point, andL vapor pressure.* Since little

data on the corrosive effete of cooi= on these biases ws available, ad a

lift of only about 50 hour s necessary, no effort vas neds to test the

biases In a oesiu atmosphere before constructing the converter.

goe completed converter vas outgassed, evacuasted, and crimped off. The coai=

capsule va crushed, and the cesiu tube beated to drive the cesin Into the

tiest converter. Then, the oesiu tube was crimped and severed just belov the

cesims reservoir to eliminate the crushed glass capsule.

The unit as then mounted on Its leadthroqlb ring by connecting sluina tubing
between the unit and a muting plate and connecting threaded stainliess steel
rods betwen the mounting plate and the leadthe'owo ring. 2w 11ols
and leads wre attached to leads from the leadthrouh rfr, and the top plate

(cairrying the electron-bating apparatu) was Vut Into plane. A view of the

entire test assembly is given In P1.re 3.1.5. 29terml left motteas Pam
suyplee, and saolated test equ~met wmet show.

Pslmin7 Evailustion
Wihen the test setup a mpleted and the voan surrmmUnlg Us emeuter va
satisatM9r the estw converber va zeaft fbr test. Useitbor va sloody
, aIeI to about 20001. It va left at thaisn ~paWw ft. about amw#
'by the ead of Aleh tUm the emitter eawl" ad o oLlas~ coass had readied

epilibtug twmel-es. Thoe eqmIlibriw tis etun .btalned with a.

beak appue4 to the eos~su or eseiwm zesarv.Sz', usem &"K am Us ecileeter,

abot ftVK ax tUm se.e~ esi, SVI om go attsr mwing, nd0 9Mma
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the cesia reservoir. The temperatures measured wre very close to the

predicted (design) temperatures for so collector or cesium-reservoir heating

and an emitter temperature of 2000K. It was found that a constant emitter

temperature was fairly easy to maintain for the length of time necessary to

take current-voltage and other necessary data. The emitter temperature was

found to be controllable from the lowest to the highest values desired.

The collector beater was used to obtain high collector temperatures, and was

found to be very satisfactory and easily regulated. The cesium reservoir beater

vas capable of producing cesium condensation temperatures of over 700eK, the

highest temperature of interest. It va quite simple to regulate and cme to

a constant equilibrium temperature in a very few minutes. A constant cesium

condensation temperature is a necessity while ukin tests, and was readily

obtained in this unit. T'he mximm deviation (fluctuation) occurring during

all tests was 2t. ?yroneter temperature masurements appeared to be fairly

easy to obtain, provided that the side of the emitter next to the top edge

was read ,to avoid the effect of reflections froc the electron-heating filmant)

a: that the temperature correction for tentalm, was used. Deposits occurred

on the glass wall of the vacxr= envelope, makina accurate measurement of the

emitter temperature difficult. .eI tatal= emitter appeared to become

yellowish, and perhaps cbanged substantially in emissivity. .Meking the above
Into consideration, it appears that the emitter te-perature as read by an
optical pyrometer was within lOOt of the tri emitter temperature. Sowver,
durin each current-vs-voltage test, It was possible to aintain the emitter

tempesture constant within 10*C.

Test results

To test results an sumarizsed in Figures 3.1.6 through 3.1.9.

The results wre very encouraging in that high power outputs wre obtained and

the effects of emitter, collector and cesium reservoir temperatures and inter-

electroe spacing wre easily observed. In retrospect, It Is now Obvious that

the very high values of current and powr density mre sleading. Subseqnunt

testng of other unit., using re sophisticated techniques, has Indicated that

aea other than the calculated emitter area wre probably contributing to the

masured value of poer output In the test vehicle uner consideratIon. There-

fore, wh1le the shae of the cuves and the relative trends of the. eu-ne vith

20
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respect to emitter, collector and cesium reservoir temperatures and inter-

electrode spacing are significant and useful, the magnitude of the values of

pover density and current density must be discarded in favor of more recent

experimental results. At the time that these experiment were performed,

however, the results provided a mueh-needed framvork for guidance in converter

design.
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3.1.3 Thermionic Generator Tests and Evaluation
Introduction
Two thermionic generators have been built under this program. The objective
of the program is to obtain data on the performance of two promising state-
of-the-art thermionic generators which can be utilized in the development of

a prototype generator for incorporation in advanced thermionic power systems

in the 1-10 KW range for aerospace applications. The first generator assembly

consisted of two 200-watt cylindrical geometry converters connected in series

with a DC-DC converter to raise the output voltage from 2 to 28 volts DC. A
complete description of the two-converter generator and the test program
carried out on this cylindrical configuration is presented in Part I of the
Performance Test Report, Item IV under contract No. AF 33(616)-741. The
second generator assembl, called the cubical cavity theiionic generator,

was subsequently tested end the pertinent data was presented in Part II of

the Performance Test Report.

This second generator configuration consists of five thermaonic converters
of identical design mounted in a cubical block. The converters are shaped
so the emitters form a mall cubical cavity absorber within the generator
assembly. This configuration differs from the cylindrical geometry converters
in that a higher output voltage can be obtained from a single assembly of
converters that form the solar cavity absorber for a single solar concentrator.

The cavity i efficient in utilizing solar energ, and the converter design

in felt to be far more reliable from the structural standpoint.

200-Watt Cylindrical Generators

Systematic tests have been carried out on the two 200-watt the oic
converters. A complete set of characteristic performance curves has been
obtained for both converters under a variety of operating conitions.
Sufficient data have been obtained to permit a complete optimization of all
pertinent parameters for this converter configuration. The characteristic

data Is intentional3~ related to input power to fulfill the need under this
proga for an evaluation of converter performance associated with a constant

power Input from a solar oncentrator.e presentation is extended,however.,
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to relate overall performance to emitter temperature to permit a compaison

with data generated by other investigators and to simplify the analysis of

converter performance.

Each of the converters was found to function well during all tests. Units #1

and #2 were shown to possess an overall efficiency of 10.6 and 1346 respec-

tively as determined by the ratio of electrical output to total electrical

input. Unfortunately, some performance degadation was observed in Unit #2 in

the course of the testing. A decline of about 1.5$ was observed in Unit #2.

Unit #1 on the other hand had experienced an Improvement of about the same

magnitude during the first few test runs ,thereby raising its efficiency from

9% to nearly lO.6% under optimum conditions. The reasons for these changes

are not known for certain, nor is a complete explanation available for the

difference in performance between units #1 and #2. The most logical explana-

tion that can be made at this time is that impurities and outgassing cause

the difference noted in these units. However careful examination of the

disassembled converter #2, which failed during the test series and was

subsequently rebuiltp shoved no sign of contamination or breakdown of the

electrode materials.

As experience vas gained in the operation of the converters it was found

possible to extend the operational and data rang.. At first sam concern

was felt over the possibility of overheating the emitters, and overstressing

the seal assembly in the higher voltage or open circuit region of testing,

Fortunately, as the test proceeded it was found possible to make what are

felt to be fairly accurate readings of temperature in the emitter cavity

despite complications of geometry and electron bombard ent heating. Because

of this it was then possible to observe temperature changes which resulted

from load variations and assure that no damage would result from the practice

of testing over the entire voltage scale of the coaverter. This eztemsion of

the test region.coupled with the pyrometric temperature measurement subse-

quently pmitted the generation of complete parametric type perfornce data.

Following the capleton of individual tests the two converters were connected

In series and operated as a generator. he combined outpit of the converters

In series ms found to be about 320 watts under optimum conditionsbut the

2?



overall output with the DC-DC converter as part of the generator assembly was

only 149 atts due to the relatively low efficiency of the electronic cir-

cuitry. The mismatch between the thermionic generator which produced

maximum power output at 1.5 volts with the two converters in series, and the

DC-DC converter which was designed for maximum performance at 2 volts reduced

overall efficiency to about 5%.

Of particular importance in the series testing was the observation of a

passive mode of operation in the converters. In this mode it wan noted that

a converter in series can actually be made to operate as a simple forward-

conducting diode or even as a pover consuming element in the circuit. This

mode of operation is induced by Improper maintenance of cesium coverage on

the eitter.

An attempt to analyze converter performance data was also made using current

theory. Here some discrepancies were noted. The principal source of diffi-

culty seems to stem from the fact that in the high current regions the

thermionic converters act like purely resistive devices. From this it is

suggested that the mechanism of operation is not adequately understood, and

that methods used to calculate plasm impedance are not adequate. It is

concluded that more data will be required from converters of different con-

figurations and of different materials to more clearly define the high

pressure plasma mode of operation.

Test Emuiment and Procedures

The basic vacuum test stand is shown in Figure 3.1.10. This photograph

shoe a single converter mounted on the right half of a 4 inch dual vacuum

system. Also shown are the low Impedance water-cooled load bank on the front

of the stand, the main bombardment power supply, pigg back filament heater,

thermocouple potentiometer, vacuum control panel and assorted meters for

measuring converter characteristics and power outputs. Also shown are several

of the blowers used to cool the pyrex vacuum envelope and the nitrogen

reservoirs and supply tank. Not shown is the pyrometric equipment used to

obtain temperature measurements n the emitter cavity.
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200 Watt Converter Assembly

The converter configuration used in this test program is shown in the half

section viev in Figure 3..11. This design utilizes an emitter which is

compatible with solar powering. The cylindrical cavity emitter configuration

is an efficient absorber of radiant energy. It can be seen that by removing the

electron gun assembly and modifying the thin support section between the

emitter and emitter radiator this assembly could be made to accept concentrated

solar energy.

The following general specifications and dimensions apply to this configuration:

Ehitter material - tantalum

Collector material - copper

Electron gun - molybdenum

Filaments - tungsten

Insulator assembly - high density alumina

Emitter diameter - 1.06 inches

Emitter length - 1.45 inches

Electrode spacing - 0.006 iuches

hitter area- 31

Emitter design temp. - 20000K

Collector design temp. - 9150 K

The performance characteristics under constant input power conditions are

shown in Figures 3.1.12 and 3.1.13 for near optmm conditions for Unit #1.

Figure 3.1.14 shows a comparable optimized curve for Unit #2 showing an

overall efficiency of 13.6$ at over 200 watts output. The operation of the

converters under non-optimum conditions with a constant input power can be

sumarized as in Figure 3.1.15 shown for Wit #2 with a variety of cesium

temperatures.

The tests carried out were directed towards developing optimization curves

of cesium temperaturepcollector temperature, and load voltage as a function

of emitter temperature, as shown in Figures 3.1.16, 3.1.17, and 3.1.18.
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COMPOSITE DATA PLOT
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OPTIMUM COLLECTOR TEMPERATURE
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Fig. 3.1.17
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Universal Characteristic Performance Map

From the data relating temperature, power input, and load current, a universal

performance map was developed. By plotting the load voltages measured at the

various current levels for each power input, as shown in Figure 3.1.19, a

well defined picture of converter characteristics emerges. As shown in

Figure 3.1.20, a plot of temperature versus voltage can be generated with

current on a per square centimeter basis as a parameter. With this second

figure, it is possible to determine the load characteristics of a converter

for any given temperature. These data are applicable to any converter design

and will indicate the optimum performance if the same materials, spacing, and

optimum or near optimum values cf cesium and collector temperature are used.

Series Operation of Two 200-Watt Cesium Vapor Converters

At the completion of individual testing, both iits were connected and

operated in series. The converters were made to operate satisfactorily at

a reduced overall efficiency, but a basic problem connected with series

operation was uncovered. The solution to this problem was to operate the

converters at other than optimum cesium pressures with some sacrifice in

performance.

Both converters were series connected and brought up to what had been optimum

conditions in previous tests. Measurements showed that under these conditions

very little power was actually delivered to the load. In fact, one converter,

Unit #2, seemed to be acting as part of the load. The polarity of the

voltage across this unit had reversed. Unit #1 had a - 0.8 voltage, Unit #2.,

a - 0.6 volts with + 0.2 volts appearing across the load at a 200-amp current

level. Overall efficiency in this condition was less than 2%.

By Increasing cesium pressure or reducing the emitter temperature in Unit #2,

the polarity could be made positive and the load power greatly increased. It

is apparent that the cause of the voltage reversal is associated with emitter

work function, and, in particular, with an increase In work fumction due to a

deficiency in cesium coverage. Subsequent adjustments in cesium temperature

gave a new set of optimum conditions for series operation. Peak outputs of

nearly 310 watts at 9.5% overall efficiency were obtained.
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The plot of the series data presented in Figure 3.1.21 is a composite of data

obtained during tests conducted on two separate days. The cesium pressure

and input power levels are nearly the same for all points, however, and the

voltages noted for each individual converter were approximately the same.

Unfortunately, the premature failure of converter #2 under teqt restricted a

further examination of factors affecting series operation.

At first it was concluded that the previously noted difference in efficiency

between Unit #1 and #2 was responsible for reversion to the passive mode of

operation. It appeared that Unit #2 had to be deliberately operated at a

non-optimum point as indicated by the fact that a 3800 cesium temperature was

required to obtain a condition where the voltages were approximately equal

and additive. Closer examination of the data sheets, however, disclosed that

it is quite possible that a leak in Unit #2 was causing a reduction in the

plasma pressure.

It was noted on the data sheet of this test that the vacuum in chamber #2

had risen to 4 x 10 - 5 mm Hg. This would indicate the possible introduction

of a high-vapor-pressure substance such as would be experienced with a cesium

leak. It follows that if cesium vapor were leaking out of the converter a

higher pressure would be required in the cesium reservoir to insure a suffi-

cient quantity of cesium vapor in the interelectrode spaceland to make up for

the decline in pressure that would be associated with a leak into the vacuum

chamber.

The test carried out on the 200-watt converters covering a wide variety of

loads such as motor, resistive, static converter and others under steady state

and transient or cyclic conditions demonstrated the feasibility of using

thernmnic converters for orbital applications. The relatively hig failure

rate associated with the cylindrical geometry generators also Indicates the

need for further development end mpve t to make the utilization of this

highly efficient configuration practical.
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The Cubical Cavity Generator

The concept of a cubical cavity generator was the result of a desire for a

thermionic generator which would have an output potential of about five volts

from a single solar concentrator, single generator configuration. Therefore,

if the above stated objective is to be achieved, it is necessary to arrage a

group of converters so that the emitter of each is close to the focal point of

the concentrator a.:d so that the converter leads may be connected in series.

The arrangement must be such that the maximum amount of energy which is directed

to the focal point by the concentrator is absorbed by the converters.

By arranging five flat converters to form a cubical cavity, the heat losses are

reduced with a minimm of ccmplication to the converter. The sixth side of the

cubical block faces the solar concentrator and admits the concentrated solar

energy. The system is designed so that the focal plane of the concentrator is

coincident with cavity aperture.

Initially, the objective was the development of a laboratory prototype generator

to be heated by electron bombardent. The design goals for the converters to be

used in this generator are given in Table 3.1.1. A generator design was pre-

pared and development was begun. The result of this work was the converter

which is shown in Figure 3.1.22.

Over 100 hours of testing wre accumulated on this converter. The most signifi-

cant results are given in Table 3.1.2. These tests taken together with data

from other programs showed that a number of improvements could I* made in both

the converter and the generator design. At the same time it became desirable

to fabricate a generator which could be solar tested in the T.iM solar test

facility. A coplete redesign was, therefore, instituted.

The generator which resulted from the redesign is shown in Figure 3.1.23. This

design allows solar flux from a 60" rim angle concentrator to reach the cavity

and has a sufficiently massive support structure to permit coaduction cooling

of the block during solar test. The converter vhich was developed for this

generator is shown in cross section in Figure 3.1.24. The reentrant emitter

design is maintained but a simple tantalum emitter is used instead of tungsten.

This change was made to simplify fabrication and improve reliability. The seal
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TABLE 3.1.1

DESIGN GOALS FOR LABORATORY PROTTYPE CONVERTE FOR CUBICAL CAVITY GENERATOR

Emitter Temperature 2000 K

Collector Temperature 1000*K

Cesium Rleservoir Temperature 650K

Emitter Area 4.12 co?

Interelectrode Spaclng 4 mils

Output Voltage 1 volt

Output Current 41.2 amperes

Power Density 10 2atts/c 2

Power Output 41.2 watts
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TABLE 3.1.2

LABORATORY PROrOTYPE CONVERTER~ CHARACTERISTICS

Emitter Material: Tungsten

Emitter Area: 1.28 cm 2

Emitter Temperature: 20118

Collector Material: Molybdenum

Collector Area: Jl.28CU

Collector Temperature: 923*K

Interelectrode Spacing: .001"

Voltage: 0.9 volt 1.0 volt

Power: 30.6 matte 27 vatts
Power Density: 7.15 v/m2 6.5v/co2

Cesium condensation temperature &150K1

Effiieny =Measured OutputEfficency Calculated Rest Rejeed. + utput

a 13.6%

Operation: 116 hoars, 23 cycles vith no degradation

Specific Power: 12.25 vatts per lb.



CUBICAL CAVITY GENMATOR ASSEM1BLY
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structure is more compact and eliminates the space required by a floating type

seal. Thus, the entire converter is smaller in diameter and the 600 rim angle

for the aperture plate is obtained. The cesium reservoir is of such a nature

that the converter can be operated in any position without difficulty. Even

when the conveyter is inverted, the cesium will remain in the reservoir. Table

3.1.3 gives the design goals for the converter to be used in the cubical cavity

generator. The actual converter is shown in Figure 3.1.25.

Preliminary cests were carried out on each of the five converters used in the

cubical cavity assembly to determine individual characteristics and assure

proper operation in the assembly. These preliminary tests indicated some differ-

ences in converter performance existed because the converters were found to
develop different power outputs and to require slightly different cesium tempera-

tures for proper operation with nearly the same emitter temperatures prevailing.

These differences were small, however, and not of serious consequence so far as

the generator performance was concerned.

The generator was found to function well under test. The generator demonstrated
a performance capability comparable to the cylindrical geometry generator with

the advantage of a higher output voltage available to the load. No deterioration

in performance was experienced during more than 72 hours of laboratory tests.
Also, the design was so nearly optimized as to permit operation near the design

point without the need for cesium heater power input.

The nature of the electron bombardment heater circuits used in the laboratory

test of this five-converter assembly precluded rapid start-up and cyclic testing.

This is not felt to be a serious defect, however, since a prototype converter of

identical design but not charged with cesium was capable of withstanding hundreds

of on-off cycles without loss of structural integrity when tested alone. ,All
other types of tests could be conducted satisfactorily with the cubical cavity

generator assembly.

All pertinent data, including a reasonably good measurement of emitter temperature,

was taken satisfactorily throughout the testing. It became apparent that there

were some defects in the thermocouple instrumentation used to measure cesium and

radiator temperature, but the errors introduced can be adequately accounted for.

50



TABLE 3.1.3

TI1P4IONIC CONVERlTER~ SPECIFICATIONS FOR

100-WATT CUBICAL CAVITY GENERATOR

E-.iittr Temperature 2000*1

Collector Temperature 950011

Cesium Reservoir Temperature 650*.K

Emitter Area 3.08 ell 2

Tnterelectrode Spacing 2 mils

Output Voltage 1 volt

Output Current 20 amperes

Power Density 6.5 v/cm 2

Power Output 20 watts
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Measurements of voltage and current are accurate and meaningful due to a novel

loading technique which was employed in obtaining characteristic curves.

It was found that most of the data acquired on the two cylindrical generators

was verified by the measurements made with the cubical cavity generator. In

some instances, however, there were significant differences found in the

operating characteristics of each generator type. The cubical cavity generator,

for examplej was found to be far less sensitive to cesium temperature variations,

and the shape of the typical load curves does not change greatly from low cesium

vapor pressure to relatively high vapor pressures for a given power input.

The complete generator, including all associated leads, electron gun assembly
and vacuum feed through base plate, is shown In Figure 3.1.26.

The generator is shown mounted on the vacuum test stand along with other associ-

ated support equipment and instrumentation in Figure 3.1.27. The test set-up

includes a vacuum system capable of maintaIning vacuums of about 2 x 10 - 6 under

operating conditions, a control and meter console with internal resistive loads,

two DC and one AC power supplies, a dual channel recorder, XY plotter (not shown),

a CVC cold cathode vacuum gage, and a 20-power Pyro Micro Optical Pyrometer. A

.1lti-point switch is also used to select individual thermocouple readings on the

generator for entry into one of the dual recorder channels. The vacuum system

is also fitted with a liquid nitrogen cold trap and four auxiliary cooling fans
directed at the bell Jar enclosure.

Test Results - Cubical Cavity Generator

Numerous load characteristics curves were generated during the test activity.

A series of typical I-V and efficiency curves are shown in Figure 3.1.28 to

Figure 3.1.30. These curves were obtained for three different power inputs

with optima or near optima cesium tAmperatures. Th data points were obtained
by the load-Sitching tecbrique with the generator perforance wader nearly
constant temperature conditions and wder conditions of nearly constant cesiu

One of the most gratifying features of the generator tested is Its reduced sensl-
tlvity to variations in cesium coverage or reservoir towerature. Also, the
generator was found to work reasonably well even vaen one or more of the oam-
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verters was poorly optimized. In many instances it vas very difficult to detect

improper cesium temperature from the shape of the generator curve. Figure 3.1.31,

for exampleshows a plot of four I-V curves vhich, from initial appearance, might

be considered a family generated under different input power conditions. Curves

#l and f3 are taken at the same power input however and the difference in slope

and efficiency is a function of cesium coverage only. Curves #3, -#4, and ;'1 are

taken at different power inputs with nearly optimm cesium coverage. Curve l

however was taken during the warm up period before proper cesium temperature was

reached by the reservoirs. All converter voltages were well matched for each of

the four curves.

The determination of an optimum cesium temperature as a function of emitter tempera-

ture is very difficult. With five converters to monitor and vith the introduction

of errors in the thermocouple data due to the junctions established by the feed-

through arrangement, it is not possible to present a concise picture of cesium
temperature optimization. The picture is further obscured by the fact that all

converters are not exactly alike, nor is it certain that all emitters are at the

temperature observed in emitter :U. It is, in fact, very fortunate that a genera-

tor has been found to operate so well considering the lack of precise control and

measurement in the areas mentioned.

The best approach that can be made based on the data available is to present a

composite plot of average cesium temperature versus emitter temperature. A

comparison between this data curve and the optimm curve obtained from the tests

of the 200 watt generators is shown In Figure 3.1.32.

It appears that a sommhat higher optimum cesium temperature is required for the

cubical cavity generator. This requirement is felt to be justified because the

dicrease In electrode spacing vould necessitate a slightly hJigher cesium pressure

to provide the required number of ions needed in the reduced volme to ascure

proper space charge neutralization. Again however, because of the lack of pre-

clse data, no positive conclusions can be dravn. The data shown here is sufficient

to provide reasonable design data for future genaertor developmnt, but most

certainly should be supported by additional test results.

The optimization of generator or converter voltage as a function of emitter tempera-

two Is obtained by plotting the voltage at points of peak efficiency at several
different poer Inputs versus emitter tempratues. Several points from test run
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#13 are shown in Figure 3.1.33. Also shown in this figure is the optimization
curve for the 200-watt converter. It appears that the closer spacing results

in a reduction of the optimum voltage for a given emitter temperature. The

exact reason for this reduction is not clear. Neglecting the possibility

that this discrepancy may be due to errors in the data, it is suggested that

the reduction may be due to a compression In the barrier sheath at the collector

surface. A second possibility is that the collector itself was not optimized

to permit proper cesium coverage and maximum output voltage. The amount of the

discrepancy is slight and the data very limited. It is therefore felt that no

sound conclusions can be drawn at this point.

Maximm obtainable efficiency with the cubical cavity generator is developed by

plotting peak efficiency from various tests against the related emitter tempera-

ture n Figure 3.1.3. The crosses and dote represent data taken with the

cubical cavity generator. The solid line is taken from the efficiency curve

generated by the data from the 200-vatt generators. The distinction made

between the data represented with the crosses and dots is that the cross data

was obtained with the generator optimized at about 5 volts, as compared with a

more ideal 3 to 3.5 volts for the dots. This illustrates the advantage of

optimizing the generator at something less than its design value, with a

corresponding increase In performance at lover input power levels or lower

emitter temperature.

The sigaficance of the efficiency plot shown here is that it indicates very

strong3v that both generator configurations will be equall efficient for a

given emitter or cavity temperature. Therefore, it might be that the same power

output could be expected for a given solar energy input in a system application.

This., of cotwse., assums the effective emitter areas are simil and the cavity

absorber efficiency will be Identical for each generator. If this is the case,

then the cubical cavity generator will have a decided advantage in a systems

application because of its inherent bigher voltage output and lesser 12R losses.

Also, the hiaber voltage generator may have additional advantages due to the fact
that in a system it is likely several generators would be operated in parallel
for bigher reliability. Wth the single converter generator, it is mandatory
that all system modules be series-counected to obtain hiher voltage and system
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The cubical cavity generator did not attain the maximum efficiency of 12 to

13.6 percent reported for the 200-watt generators, but it has developed comparable

efficiencies based on emitter temperature. It appears that it is quite reasonable

to expect improvements in performance equal to or in excess of those reported for

the 200-watt converters at higher input power levels and emitter temperatures.

The testing carried out with the cubical cavity generator was intentionally

limited to insure its survival for a subsequent solar test without necessitating

expensive repair or rebuilding. The data taken at more modest power inputs is

sufficient for comparison with the 200-watt converters and at the same time

provides data which it is hoped will be capable to the solar test data.

In order to permit a valid comparison of the 200-vatt and cubical cavity

generators, it is necessary to make a calculation of corrected obtainable

efficiency. This calculation is carried out to permit a separation of the losses

associated with the electron bombardment heating assembly. This includes only

heat lost in the gun assembly by radiation and in the 12 R and thermal conduction

losses associated with the heater lead lines. Since a similar calculation was

carried out for the 200-watt converters, it will then be possible to weigh the

performance of the two generators exclusive of any losses peculiar to the

laboratory test set up and not inhernent in the generator assembly. The cavity

absorbers would in each generator contribute additional losses In a solar systems

application. Because these losses would be nearly identical for a given solar

concentrator, which would fix the power level and aperture size, it is possible

to evaluate the generators on the basis of intrinsic efficiency alone for any

given emitter temperature.

A comparison of the corrected efficiency for each generator type shows almost

identical performance. Maximun efficiency obtainable is plotted in Figure 3.1.35.

Parametric Performance Characteristics

The multiconverter generator assembly does not lend itself well to a study of

individual converter characteristics. It is not possible to insre that all

emitters are at the exact same temperature nor that all converters are Optimized

at the same point. It is likewise Impossible to say that electrode spacing is

.0020 inches In all cases. Recognizing that there are so variations n the

operating conditions attributed to the converters, and in the inherent perforane

characteristics of the five converters, a tecabique using average values and near

optimu conditions (as can best be determined) is employed to generate a parametric

performance curve.
I6
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aving learned that uotimum performan.ce occurs at about 3 vitz, a set of four

curves talen during test :13 is used to develop the parametric curves. The

preparation of this parinetric data is greatly sim'lifiee in this test series

because of the point y point technique for o,.tainir.g data at constant power

input and temperature.

Using current as the abscissa and emitter temperature as the ordinate, voltage

is plotted as a parameter. This plot is shown as rigure 3.1.36. There is

reason to believe from the shape of the curves at the higher temperature and.

voltage that the original data taken was not acquired under truly optimum

conditions. Tf this is not the case, then the difference between the shape of

these curves and those showrn for the cylindrical generator must be attributed

to the cha:.ge in spacing.

Special Test results

The various types of loads sreci ied in the c. tract work stateme-t wore applied

to the cubical cavity generator. -Tese loads include the application of resin-

tive, inductive, solenoid, motor Dr-DC converter. ar.d inverter loads. Also,

several of the loads were operated with the gen.erator placed in series with,or

in parallel vithan automotive battery.

Tn no instance was any unfavorable response noted in the generator. Loads of

any type,vhen properly matched to the generatorvill rasult in performance and

response identical to that experienced with simple resistive loads. The generator,

when properly matched with a battory in either series or parallel connection, will

function normally. In series operation, a generator and battery aid each other

according to their current and voltage characteristics. Parallel operation is

equally dependent on these characteristics in obtaining a division of load power.

Conclusions

:tuch has been learned about the performance capability of thermionic generators

from the tests carried out in this program. Earlier in the program it had b"een

established that the vacuum close spaced converters vere not competitive vith

cesium vapor types from a structural reliability, or performance standpoint.

To make the program more maningful,the efforts had been redirected from carryirng

out a ccuparative evaluation of the vacuum and the cesium vapor type converters
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to a comparison of two promising cesium converter configurations. To make the

test evaluations directly applicable to the development of a useful power-

generating system, the configurations were realistically sized end designed for

heating with a precision solar concentrator. The designs were further restricted

by specifying that the systems application would be that of providing power for

a space vehicle operating in a 35-55 minute shade-sun orbit. Based on these

objectives two generators were developed. The first design concept utilizes

a cylindrical configuration, with the emitter in the form of a closed cylinder,

the collector completely enclosing the cylinder walls, and only a small annular

cesium gap between the two. For solar operation, one end of the cylinder

assembly is closed off with a thin tantalum membrane to contain the cesium

vapor while at the same time permitting solar flux access to the cylinder cavity

abosrber. The second geometry uses five smaller converters arranged to form a

cavity absorber for concentrated solar energy with the back side of the emitter

faces. In the second assembly each converter is self-contained with its own

cesium reservoir. With small changes, both generators could be incorporated in

a solar module and used as part of a system.

The tests carried out on the two configurations have shown that each is capable

of producing sizable power outputs of from 100 to 200 watts. In both cases the

limitations imposed by the electron bombardment heating equipment made it some-

what difficult to exploit the full capability of the generators. The teabnque

employed did however demonstrate that both configurations are responsive and are

capable of generating power under various conditions, includin many types of

loads and cesium pressures and at different input power levels. The actual

performance characteristics obtained were near3y identical when related to a

given emitter temperature. The small variations which were noted can be

attributed to the reduction in spacing between the emitter end collector in the

second cubical cavity assembly. No insurmountable difficulties have been experi-

enced with either generator. All types of resistive, motor, inductive, inverter,

and converter loads were easily accepted by the generators. The dynamic response

to step changes is almost instantaneous and, except for problems associated with

the bombardment heating techniques, no problems were encountered. The thermal

response of the generators is, of course, related to the size end mass of the

individual units and the given system requirements. With the gnerators tested

it appears there would be only a small percentage of power output lost due to
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the warm-up characteristics in an orbital application. To insure long life the

generators should normally be protected for sudden and total loss of load which

will cause high emitter temperatures and thermal stresses.

The 200-watt cylindrical geometry converters have produced more power and higher

over-all efficiencies of over 200 watts and 13.6% as compared to 122 watts and

7.6% for the cubical cavity generator. This does not indicate a superiority on

the part of the cylindrical geometry however. When the two 200-vatt converters

were operated in series the maximum output power was 310 watts. The efficiency

was 9.6%. With the data taken from both generators compared on the basis of

emitter temperature, it is found that only a few tenths of a percent difference
in performance exists. (And when the losses associated with the cavity absorbers

are taken into account, it may even be possible the cubical cavity generator will

show a marked superiority.) Very sizable losses are certain to be associated
with the support membrane required to hold the emitter in place and retain the

cesium in the cylindrical assembly. Further, it is shown that an improvement
in performance is attained with the cubical cavity converters due to the ability

to reduce interelectrode spacing. The actual watt density is shown to be twice

that of the cylindrical geometry at a given temperature. In summary, it is

stated that the apparent superiority shown by the cylindrical geometry is due

only to its having been operated at higher temperatures with a correspondingly

greater efficiency, and due to an improved loss picture which is associated

solely with the electron bombardment heating arrangement. Discounting these two

factors, the generators are equally efficient, with perhaps the greatest

opportunity for improvement lying with the mall planer converter configuration

used in the cubical cavity generator.

In several other respects the cubical cavity generator is more satisfactory.

From a reliability standpoint the smaller converters used in the cubical cavity

generator are better. Converters of this and similar designs have shown a toler-

ance to hundreds of hours of operation and cyclic tests. The 200-watt converters

were each rebuilt during the test program to permit the completion of the tests
required over a period of only 40 hours. The cubical cavity generator had had

over T2 hours of testing rlus the hours accumulated on individual converters prior

to assembly with no loss or reduction of output. The principal areas which cur-
rently liit life expectancy are the alumina seals and the thin tantalum emitter support
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sections. The improvement in the seal assembly in the cubical cavity converters

is largely responsible for its longer life. The susceptibility of the thin

tantalum support sections to carburization and cracking is equally present in

both units although somewhat less severe in the larger assembly which can toler-

ate a heavier wall section. High purity metals and clean hard vacuums will

eliminate this area as a source of failure.

The higher voltage output of the multiconverter generator may also be advanta-

geous in systems applications requiring modest power output. The cylindrical

converters must be series-connected to produce higher voltages. This requires

a larger number of concentrators then would be needed if the multiconverter

configuration is used. It is recognized that this need not alwas be true but

generaUl, it is more efficient to work with higher voltages and less currents.

This is particularly true if a DC-DC converter is to be employed in the system.

The shape and size of the smaller converters also lends itself to mass produc-

tion and assembly into a number of alternate generator configurations with more

or fewer converters. Also, the geometry is such as to permit close control

over spacing, a factor which will probably contribute more than anything else

to improvement in performance.

It is recmended that the multiconverter assembly be the subject of further

development and improvement for incorporation into aerospace systems. AMditional

tests of individual converters t, further explore performance characteristics

and the effects of changdn spacing and materials should be undertaken. Testing

of the completed generators at higher power and temperatures with improvements In

Instrumentation and access to all pertinent temperature points is very desirable
to substantiate the findings of this report. Additional efforts to improve
cavity geometry and absorber efficiency will also contribute greatly towards the

developmnt of a pace-ortb system. Reductions In radiator size and weight and

the development of suitable autonmatic cesium reservoir temperature controls and

flux or emitter temperature controls will be necessary for a prototype system.

Developments In these areas, combined with Jrove ,t In fabrication and
assembly tedbiajaes and the selective assembly of matched converters Into

generator clusters, can be expected to yield generators capable of efficiencies

above 12% for solar applications.
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3.2 Solar Receivers

A solar receiver my be classified as either a flat plate type or a cavity

type. The function of the receiver, placed at the focal point of a solar

concentrator, is to absorb a large fraction of the energy incident upon it

and to limit the amount of energy reradiated so that the net useable thermal

energ is a maximum. The receiver my be either a flat plate selective

absorber or a black body cavity.

Advancement of the state-of-the-art of selective absorbers has been limited

to absorbers which are considerably below thermionic converter operating

temperatures. The choice of materials for use at the anticipated operating

temperatures is very limited. None of the high temperature materials has

promising properties as a selective surface absorber. The use of cover glasses

does not appear promising because: (1) the increase in efficiency is marginal

and (2) the glass may become coated with metal evaporated from the receiver

surface.

The state-of-the-art of cavity receivers has barely begun to advance. Some

experimental and theoretical investigations have been conducted to determine

the effective emissivity of the simplest cavity geometries. However, Inves-

tigations of the more important property, solar absorptance, have been very

few. The investigations which have been made have been theoretical and have

required gross assumptions as to the specularity of the interior walls of the

cavity.

The need for a receiver of the cavity type for solar thermionic system in

order to obtain high overall system efficiencies is clearly illustrated in the

following consideration. Receiver efficiency my be defined as the ratio of

the power retained by the receiver to the power incident upon the receiver.

The incident power is:
PIFe" q Ae Ne (9)

where: q a solar flux incident o the concentrator

Ac - area of the concentrator

No a concentrator efficincy
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The pover absorbed by the receiver is:

Pabs a ' q Ac N (10)

vhere: 0( a receiver absorptivity

The reradiated pover is:

Prer w Ar e 
rl T  (1)

where: Ar  W receiver area

= receiver emissivity

= Stephan-Boltzman radiation constant

T - receiver temperature

Receiver efficiency is then: Nr Pabs - Prer (12)r P ine

aq A No - Ar S 0 T4

cc r (13)

q Ac N

AcAr is the area concentration ratio, Ca

Then, N arT 4

r q Ca Nc

Therefore, the receiver efficiency is a linear function of the parameter

t" T /q Ca N for any particular material with a constant absorptivity and
emissivity, as shown in Figure 3.2.1. The curve intersects the black body

( a &- 1) efficiency curve at an efficiency of o- 4C / 1 - .,which corres-

ponds to *-T4/qC a Nc  = I -of/ 1 - . This means that the blackbody

receiver is preferable if efficiencies greater than ( dW - C )/ (I - X ) are

desired. Furthermore, for a black body receiver to be advantageous,

d T4/ q C 0  < 1 - O'/ 1 --C, i.e., the area concentration ratio must be

at l~east (1 3/1 - a)( T"/ q N.).
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For example, in Figure 3.2.2, the curves for a black body and a tantalum
receiver are plotted for T = 20000K, q - .140 v/sq. cm, Ne - 0.9. For

tantalum at 20000KO C- .37, (* = .237. A black body receiver is preferred

if a receiver efficiency greater than 17.4% is desired. The selective absorber

Is advantageous only for area concentration ratios less than 870, whereas the

cavity receiver used with properly sized apertures 'nd high precision concen-

tration can provide receiver efficiencies suitable for thermionic systems.
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3.2.1 Thermi onic Generator Cavity Absorbers

General Considerations

The absorptive and emissive characteristics of cavity absorbers are dependent

on the following factors:

1. Wall-to-Aperture Area Ratio

2. Absorber Geometry

3. Wall Materials and Surface Finishes

4. Temperature of Walls

5. Concentrator Paramters

A clear umderstao ng of the effect of these factors is necessary in order to
desigmn., fabricate, and test solar thermionic generators. A general discussion

of these factors follows.

1. Wall-to-Aperture Area Ratio

Heat flux at the vall is primarily determined by the thermionic

converter requirements, while the heat flux at the aperture is
primarily determined by the solar intensity and various

attenuation factors such as reflectivity of the reflector,

vignetting, etc. Since the thermionic converter require-

ments can be expected to remain relatively fixed and the

attenuation factors are constant for all space applications,

the vall-to-aperture area ratio can be expected to remain

essentially the same for all space missions. Atmospheric

attenuation, hoverer, has a drastic effect on this ratio.
Therefore, the geometry most suitable for gound operation

vil differ from the best geometry for space. Since all

of the useful applications conteplated for the solar

thermionic generator are for space, it nst be recogized
that some comprmies must be accepted in the design for

gound test if both efficiency and ground-to-space perform-

ance correlation are to be design and test objectives.

76



Let
Ac = converter emitter area - wall area
A = aperture area

a

OC W heat flux required by the converters

Oa = average heat flux entering aperture

Or = average heat flux reradiated through

aperture

V( = cavity absorptivity.

The basic heat balance equation may be written:

A . c= A a (Ka - Or) (15)

The cavity wall-to-aperture area ratio is then:

A c (c0 (6
a \(4J

It my be arguel that there are certain factors present only

in space which tend to decrease the aperture flux and thereby

compensate for this inconsistency. These factors are geometric

inaccuracies associated with lightweight concentrators and
orientation errors associated with space vehicles. While

there is some logic to this argument, the fact remains that

the effect of these factors on generator performance cannot

be evaluated by ground test when successful operation depends

on their being eliminated. Furthermore, it cannot be assumed

that the heat distribution in the absorber will be the sam
when the intensity is increased by increasing the concentrator

precision.

Because of the above consideration, absorber studies should

be concentrated on absorbers having the vall-to-aperture area

ratio expected to be used n a space generator. The flux

level will be lower than that expected in space, requiring

the use of correction factors to determine the performance
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in space. This approach is considered to be the most accurate

one, since absorption can be expressed as a fixed fraction of

the incident energ and emission can be expressed as a proportion

of the fourth power of temperature with a minimum error.

2. Absorber Geometry

Ideally, each and every thermionic converter in the absorber

cavity should have the same "view" of the solar image. Each

converter will then receive an equal amount of solar radiation.

Also, the absorber walls should consist completely of surfaces

vhich are connected to the thermionic emitter surfaces by a

good thermal conductor.

These two design objectives are not readily achieved in a

single design. The first objective my be met by locating

the converters in a ring about the absorber axis. This,

however, will leave an unfilled space in the bottom of the

absorber. This space may be (1) filled with an additional

converter, (2) filled with a reflective plug, or (3) closed
by extending the absorber wall surfaces.

Filling the space with an additional converter requires that

steps be taken to insure that the extra converter receives its

proportionate share of solar energy.

The cubical cavity generator described in Section 3.1.2 is a

design of this type. In order to establish what pover

distribution exists within the cubical cavity absorber,

solar test were conducted using a mock cavity calorimeter,

consisting of five individual pover aboorbing devices

vhich closely simulate the thermal characteristics of the

thermionic converters used in the cubical cavity generator.

Evalation of test results of the mock cavity (and

subsequently of the generator itself) show a non-uniform

power distribution between the side absorbers and the

bottom absorber. Table 3.2.1 shows the power distribution

measured between absorber sides Sl' $2, S3, S and the bottom
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TABLE 3.2.1

POWER DISTRIBUTION CALORIMETER TEST DATA

FOR CUBICAL CAVITY CONFIGURATION

Calorimeter

Unit # T2f (0c) T3 f ('C) Power Absorbed

S1  1025 745 94.0

s2  1025 685 111.0

B 940 665 90.5

S3  1035 720 102.0

s4 1035 750 97.0

Total Power (Watts): 494.5

Solar Constant (W/ft 2): 71.2

Aperture: (5/8" Dia.in
Focal Plane)

Baseplate Temp (OF): 76.0

Run Time (Min.): 27.0
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absorber B during a typical test run. The bottan calorimeter

absorbed less power.

During the solar test of the generator the bottom converter

produced less power output than the side converters. This

again indicated a yalistribution of power within the cavity.

Fllng the bottom of the cavity with a reflective plug will

cause an additional thermal loss in the generator. The energy

absorbed by the plug will raise its temperature to a level

higher than the surrounding absorbers. Some of the heat absorbed

by the plug will leak through its back side insulation and

supports, some will be radiated through the aperture, and a

small portion will be radiated to the surroumning absorbers.

The design of this plug must be verified by test.

Closing the space at the bottom of the cavity by extending the

absorber wall surfaces to meet the absorber axis presents sme

difficulty from an arrangement standpoint. but this is not

serious. The chief difficulties are the prevention of heat

leaks from the extended surface and the conduction of heat

to the emitter surface with a reasonable temperature gradient.

Assuming these problem can be solved, the advantages of a

sym entrical configuration which insures umiform power

distribution and a more efficient cavity absorber geometry makes

this configuration preferable in future designs.

Within the confines of all-to-aperture area ratio limitations

and the limitations iposed by the above arrangement considera-

times, there exist many possible absorber geometries. From

an absorber standpoint, the most significant property is its

absorptivity. The absorptivity of the cavity is that fraction

of the energ entering vhLh is not reflected back out of the

cavity. It is Important therefore that the gemetry be such that

the first few specular reflections are confined within the cavity.

Ois task is made difficult by the wide variation of Incoming rays.
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3. Wall Materials and Surface Finishes

Since absorptivity is the most important property of the absorber,

the walls of the absorber should have as high an absorptivity

as practical. Unused portions of the cavity such as the aperture

plate and the reflective plug should have as low an absorptivity

as possible in order to minimize heat leaks.

There are limits to which the wall absorptivity can be increased

by the choice of wall material. This is true chiefly because

the choice of wall materials is limited to the refractory metals.

However, the wall surface can be grooved or roughened by grit-

blasting in order to increase the number of reflections at the

surface and thereby increase the absorptivity. The effect these

steps have on the flux distribution in the cavity and the overall

performance of the generator can be only approximated and should

be verified by test.

Unused surfaces in the cavity should be made as reflective as

possible.

The fraction of the incident energy absorbed by these surfaces

can be utilized only by radiative heat transfer from them to

the thermionic converters. In order to effect such a transfer,

these surfaces must reach a temperature higher than the con-

verter temperature. These surfaces, however, cannot be

allowed to reach a temperature where material evaporation

becomes a problem.

4. Wall Temperature

The temperature of the cavity walls is important in the design

of the generator in that thermal radiation from the cavity

constitutes a major generator loss. The temperature differential

required to conduct heat from the solar absorber surface to the

thermionic emitter surface increases the absorber temperature

and raises the cavity radiation loss. It is important therefore

to minimize the length of this conduction path. This considera-

tion is eupecial3 Important in systems utilizing thermal energy

storage.
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It is also important that the temperature of the absorbing

portions of the walls be uniform. Local overheating will

increase heat losses and shorten the life of the thermionic

converters. Local underheating will reduce the output of the

generator because of its effect on the thermionic conversion

process.

5. Concentrator Parameters

The chief concentrator parameter affecting cavity absorption

characteristics is the rim angle. High rim angles direct more

energy to the cavity side walls and less to the bottom of the

cavity. The more oblique rays also have less tendency to be

reflected back through the cavity aperture. In general, the

high rim angles are to be preferred as long as they are not

so high am to affect the performance by requiring an excessively

large cavity aperture.

Using an oversize concentrator to compensate for the attenuation

factors associated with ground testing will increase the solar

image size and will have an effect on the distribution of energy

within the cavity as compared to a space-sized concentrator.

The effect will be to direct more energy to the side valls

and less energy to the bottom face of the cavity. Reradiatior,

losses will also be disproportionately large with an oversize

concentrator.

Basis for Selection of Generator Component Materials

The design of a thermionic generator absorber requires a knowledge of various

high-temperature properties of materials proposed for use in the construction.

The properties of interest may be categorized as follows:

3. Optical

Absorptivity

hisivity

Specularity
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2. Thermal

Specific Heat

Conductivity

Expansion

3. Structural

Strength

Density

Dimensional Stability

4. Chemical

Vaporization

Compatibility

1. Optical Properties

To achieve maximum absorber performance, the absorbing surfaces in the cavity

should have as high a solar absorptivity as possible, and the reflecting surface

should have as low an absorptivity as possible. Because of the scarcity of

applicable absorptivity data and the strong dependence of this property on the

method of fabrication, tests must be made to properly evaluate various materials.

Total emissivity is also an important factor affecting absorber performance.

This data is similarly scarce and dependent on fabrication metaods.

Sola.r absorptivity and total emissivity of materials and surface finishes being

considered for use in the thermionic generator can be determined by test in an

arc-imaging furnace. The spectrum from the arc-imaging furnace simulates the

solar spectrum very closely and allows solar absorptivity to be determined

directly by simple heat balance methods. This eliminates the need for mono-

chromatic absorptivity determinations which must be subsequently integrated

over the solar spectrum. Total emissivity can also be determined during these

tests.

Surface specularity is the extent to which solar energy incident on a surface

is specularly reflected. There is no quantitative measure of specularity

per se, but the reflected energy may be roughly divided into a specular
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reflection, a flare reflection (nearly specular), and a diffuse reflection.

Some knovledge of this division is necessary to appraise the optical analysis

of an absorber cavity. Since the division is chiefly a function of microscopic

surface geometry, observations at room temperature with an integrating sphere

reflectometer using white light will provide sufficient information for the

design of a generator cavity.

2. Thermal Properties

The thermal properties of most materials being considered are available

from the literature. They are not very dependent on the method of fabrication,

vith the possible exception of the refractories. Where refractoreis are to be

used in the generator, they can be tested to determine their thermal shock

resistance before being accepted in a design. This property is a combination

of other thermal parameters for this type of material.

The selection of materials to be used in construction of thermionic converters

and generators is generally based an properties other than thermal properties.

However, the specific converter or generator performance characteristics desired

for a given application will dictate the thermal properties of the construction

materials.

3. Structural Properties

The structural properties of importance in the thermionic generator are high

temperature strength, dimensional stability, and impermeability to cesiu.

Suitable materials have been selected and proven during thermlonic conve.ter

development to date. Any nev materials will be required to equal or excel

present standards.

4. Chemical Propertips

Probably the most critical materials properties for thermionic generators are

copatibility and evaporation. The materials containing cesium must be

compatible with it. Evaporation of materials In a space envircont will limit

the life of the generator and could also cause a degeneration of performance by

coating electrical insulators or the reflective surface of the concentrator.

The refractory metals have demonstrated their suitability in these respects.
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3.2.2 Cavity Absorber Analysis
Introduction
Several cavity absorber analyses have been made for solar-powered thersionlc
system using high-precision solar concentrators. Me analyses vere made for
cavity absorber receivers having the folloving geometric shapes: (1) Cube,
(2) 1 ight Square Prism, and (3) Right Circular Prism (Cylinder). M analyses
are based on a ray tracing method thich assme specular reflection at each
surface vithin the cavity. 'his assumption my be far from accurate in many cases
but It wa believed to be accurate enough to obtain realistic results and to
determine the relative Importance of various parameters. actual surface
characteristics lie somewhere betwen a specular reflective surface and one
which gives a beamispherically diffuse reflection. Although there Is sow
Justification for use of the "specular" assumption In that surfaces tend to
"brighten" in vacuum at thermionic temperatures, further coputtional analysis
and tests should be made to determine the performance band betwen these two
extremes.

Cubiavl Cavity Absorber
The selection of the cubical cavity absorber configuration for one of the generators
built under this progra ws based on the results obtained from the analysis con-
ducted for this type of cavity receiver.

There are several limitations to the design of the cavity absorber however, which
prevent the achievement of Ideal performance. First, the cavity aperture sin is
essentially a function of solar izage sime. Second, the cavity wall area is
determined by the thernionic gnerstor emitter area required. Third, cavity
geometry is limited by emitter pomtry limitations. Practical considerations
dictate the use of one material to serve the diAl purpose of theameamic emitter
and aity absorber.

In the cubical cavity genestor , uniform 4stributon of the conetmted solar
ener, to the five emitters is required. Irg vrlatier In the cublcal aity
can be compensated by changing the effective emiseivity of the bottom mall coeverter
as compared to the side v.1 ccnverterbut extensive testing vit this eometry is
required to establish the degpee of Improper energ distribution. At first It
m i #fear that the surface at th bottom of Us cavity wil reslve more tha

Its sbane of the reiatIc-homver, aalysis (a wl se subsequeat gerator test)



has show that the flux attenuation at a point 1.5 an from the focal plane Is
more than sufficient to prevent overheating of the bottom surface. Any varia-
tion which my exist il be minimized by the high rate of radiant energy Inter-
chang betwen wall surfaces which take place at the high operating temperature
(2000*K). (This was also confirmd during mock converter tests * See Table
3.2.1)

Thbe effective cavity absorptivity wa obtained by calculating the amount of
concentrated Incident flux reflected from the cavity after once having entered
the cavity. The cavity has a circular aperture. Incident radiation passing
through the cavity aperture Is waighted with respect to the total energy received
from a given direction (i.e.,, from a given incremental. ring on the solar conacen-
trator paraboloid surface). A relation Is obtained for the mauber of multiple
reflections within the cavity experienced by a single ray as a function of the
ring angle from which It emnted. Figure 3.2.3 presents the results of the
computer evaluations of this relation. For the cubical cavity generator which
uses tantalva emitters at 20000K and a reflectivity of 0.55, an effective cavity
absorptivity of 0.91 Is obtained.

Maeffective emissivity of a cubical avity absorber with a circular aperture
In one face wes determined by the Miaband equation which bas been experinentally
verified. 1ichand gives the emissivity as:

a 0  rl + (1 -e) (A/A0 - sinO~ (17)
& (1 -A/Aa) +(A/%~)

ubere e - surface emissivity
A a area of aperture

Ac a area of cavity
4 - arc-tan of aperture radius/cavity depth

Mwresults of this equation are plotted In Figur 3. 2.4 ubre effective emissivity
Is shown as a function of the relative aperture size.

For the tantalum cubical avity, therefore,, a geomtric selective effect Is
obtained wich Improves the solar concentrator-absorber efficiency to a level
higber than could be obtained with either a tantalum selective surfac. absorber
or a black body absorber. ome the selection of the cubical cavity absorber
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EFFECTIVE EMISSIVITY OF A CUBE CAVITY WITH A CIRCULAR APERTURE
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geometric configuration for the thermionic generator built under the proam.

Absorber Efficiency

A parametric analysis vas made for a cylindrical cavity absorber to determine

absorber efficiency as a fmction of variations in the folloving parameters.

1. Cavity vail surface absorptivity, O*

2. Solar flux concentration ratio, Cf

3. Solar concentrator aperture ratio, D/f

i. Cavity depth-aperture ratio, d/r

5. Cavity surface eisivity, g0

6. Cavity surface povar density, q1

7. Cavity surface temperature, T

fhe results of this analysis are plotted in Figure 3.2.5.

The folloving conclusions have been drvn from an examination of these curves.

1. The most promising methods of increasing absorber efficiency appear to be

(a) increasing cavity surface absorptivity, and (b) increasing cavity

surface area.

2. Increasing concentrator aperture ratio will increase efficiency, but vill

also have an effect on flux concentration ratio. Mae not effect remains

to be Investigated.

3. Efficiency exhibited a minimm cbae in the range of cavity depth-to-

aperture ratio investigated. Variations of this parameter to obtain a

significant increase in efficiency appear to be imprectieal because of

geometry i1aitations associated vith the theraioe energ converters

presently being used or considered.



DEPENDENCE OF ABSORBER EFFICIENCY ON VARIOUS PARAMETERS
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3.3 Solar Concentrators

Because of the high energy density required to operate thermionic converters

efficiently, only a very precise solar concentrator is suitable for use in a

solar thermionic power system in which efficiency is a chief criterion of

performance. The concentrator selection is therefore limited to a precision

paraboloidal reflector which can be inspected on the ground and stowed on a

launch vehicle without folding or deflating. Other types of concentrators may

be made sufficiently accurate to produce thermionic power, but the system

utilizing them will not compare favorably on an efficiency basis. Some of the

less precise types are described below.

The Fresnel reflector offers the advantage of a nominally flat surface for

easier stowage. However, steps between the reflecting surfaces form large

areas which do not concentrate incident solar flux, and efficiency is consider-

ably reduced. Fabrication is also difficult.

The Petalline reflector can be folded for stowage in Its vehicle to obtain low

volume requirements, but the loss of precision associated with the folding

mechanism is a serious drawback. Dimensional control of petal-shaped reflectors

is far more difficult than for shell-shaped reflectors.

The Fresnel lens is not as sensitive to distortion as reflectors, but it has

a step loss similar to Fresnel reflectors. Glass lenses are sdbject to breakage

and plastic lenses are susceptible to ultra-violet damage.

Low concentration systems which do not approach thermionic requirements include:

the hemispherical concentrator, the "umbrella" type concentrator, and the

parabolic cylinder concentrator.

3.3.1 Solar Concentrator Materlals

The chief criteria by which solar concentrator materials should be judged are:
1. Density

2. Rigidity
3. Strength

4. Dimensional stability
5. Formability

6. Surface finish attainable

7. Vapor pressure
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Table 3.3.1 sumarizes many of these properties for materials which have been

considered. The materials listed are good in most respects but all seem to

have at least one major drawback.

Aluminum is very good in all respects except that it is difficult to obtain a

satisfactory mirror-like surface finish by standard polishing methods.

Beryllium is attractive because of its high strength-to-weight ratio. Because

of its high cost, it has not been used in the fabrication of large shapes, and

the fabrication of solar concentrators from Beryllium would require a develop-

ment of fabrication techniques. The seriousness of the toxicity problem

associated with Beryllium is largely a matter o- opinion.

Copper and its alloys are readily electroformed and easily polished. Copper

suffers the disadvantage of a very low strength-to-weight ratio.

Nickel is easily electroformed and easily polished. Much work has been done on

the development of nickel electroformed solar concentrators. (See W0S Report

1587 - Final; prepared for NASA under Contract NAS 7-10.) The chief disadvantage

of nickel is Its high density. The magoetic properties of nickel may also be a

disadvantage for some applications.

Steel may be fabricated with high strength, but it nas the disadvantage of high

density. Special finishing techniques are probably needed to obtain a mirror-.

like finish.

Titanium and its alloys have high strength and low density. Forming techniques

in their present state are inadequate for the production of solar concentrators.

Epoxies and plastics present a variety of difficulties depending on the partic-

ular compound considered. In general, they offer little advantage over the

metals and present the additional problems of dimensional instability. and

thermal distortion due to low thermal conductivity.

2.3.2 Methods of Fabrication

Several fabrication methods for achieving high-precision solar concentrators

have been evaluated during the course of this program to establish the advantages

and disadvantages of each. Although minim weight is a major design objective
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considered during the investigation of materials, structural concepts, and

fabrication techniques, the optical properties of a particular concentrator

structure determine how much area iL needed to provide the required input

power through a given cavity aperture for use by the conversion device. There-

fore, surface quality as well as weight must be included in the criteria used

to j dge material selection and fabrication technique. In brief, the chief

criteria by which fabrication methods should be judged are: (1) dimensional

accuracy of the fabricated part, (2) surface finish of the reflecting surface,

(3) suitability of the fabrication process for the size of concentrator to be

fabricated, (4) ccmpatibility of the process with the material being fabricated,

and (5) cost of the process. Electrodeposition onto an optically ground

master surface provides excellent reproduction of the master. Nickel, copper

and silver can be deposited, but nickel gives the 'est strength properties

due to its high yield stress value. The electroforming process can provide a

completely integral structure with reflecting surface, supporting ring, point of

attachment brackets, etc., all produced from one common material. In this

process there is no need for adhesives, welds, brazes, etc. This fabrication

process is extremely desirable for the production of space-type concentrators.

A possible disadvantage is its higher specific weight as compared to aluminum

and its magnetic properties.

The stretch forming process using aluminum does hold promise for a lighter

weight concentrator. In this process, the controlled yielding of a metal sheet

over a master surface provides parts having a minimum springback from the tool.

Large concentrators can be formed by joining several sectors or by overlapping

several stretch-formed parabolodial strips. The pieces, however, must be held

in shape with an adhesive bond. Weights of 0.6 pounds per square foot Including

a support ring are attainable by this process as compared to 0.75 pounds per

square foot for the electroformed concentrators.

Because of its lighter weight and adaptability to the stretch forming process,

eabminum, stretch-formed concentrators are under development. To date, it has
been shown that the process holds promise if refinements in the stretch operation
and subsequent epoxy surface finish operation can be developed. It must be
concluded, however, that only the electroformed concentrator is currently

suitable for use in solar thermionic space power systems.
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3.3.3 Solar Concentrator Analysis

In attempting to utilize the usual approximations for determing a focal plane

flux distribution, it was found difficult to superimpose the effects of con-

centrator misalignment, monochromatic limb darkening, non-parallel nature of

solar radiation, concentrator surface roughness, inequalities in concentrator

surface reflectivity, et al. It was therefore desired to derive a mathematical

formulation and numerical computational procedure that would permit the accurate,

simultaneous consideration of the various effects on the collected flux

distribution. The characteristics of concentrator surface roughness and solar

limb darkening are the most important constituents of an observed flux

distribution.

Formulae and associated numerical analysis for computing flux distributions

have been derived. This matheatical fornilation permits considering

simultaneously roughness of the concentrator surface, misalignment of the

concentrator, misalignment of the focal surface, irregularities from the finite

disk of the sun which does not emit parallel rays, monochromatic solar limb

darkening, et al. A dispersion function is attributed to the concentrator

surface. In particular, a dispersion function is computed by considering

surface imperfections to be described by a double Fourier series which has been

approximated by its first harmonic. This concept has yielded computed flux

distributions very nearly those observed, whereas other methods (e.g. , a Gaussian

distribution of concentrator surface normals) have failed to preserve the

essential nonmonotonic radially-decreasing flux distribution which, from these

calculations, appears to be characteristic of a lispersing surface. This model

for surface roughness, not necessarily microscopic, possesses one parameter

(A/ . which is the height-to-width ratio of an individual sinusoidal surface

imperfection) which alone proves to be the fundamental rameter for the

computation of the correct flux distribution. This parameter is simply

related to the "circle-of-confusion" and can be used as a design parameter

for specifying mirror accuracy throughout its surface. The general formula-

tion of the flux distribution involves a quadruple Integration in which the

limits and integrand present an Imponderable problem analytically and a

problem not amenable to conventional nwerical integration. The ntegrand

and subsequent numerical evaluation are greatiy simplified, without addi-

tionally complicating the limits of integraton, by the ntroduction of the
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pssudu concept, and a mtrix a'loirithis for its narial coutation. s
pseudo Is a radiating disk replacing the map which bas the pcper law of
mochintic Umb darkening so as to absorb the effect of surface dispersion

and hence permit the concentrator to be treated as being perfectly smoth*
(Dance, by this definition the formulation of the surface roughness Is
absorbed in the ftim1atIon of the pseoudosun.) In order to calculate an
accmrte and realistic psmeubsu, an accurate Intensity function for the
monochromticaWl llSb-4arkoned sin haa been obtained by fitting a large
smount of precise Gata. to an astroybysical fotwla. for this function. O
solar surface tesqez'ate and vaveleagth-Intepated. cental, Intensity hae
been determined from this data as boundary comitionse now charts for the
muswrical, cosuatimnl proceurs for calculating a psudosun and the
resulting flu distribution for a parabolic co--etrator vmre bev*2qesd and
applied, with a digital computer, to a specific concentrator.e

me results Of the M~UDae (0ee lien 303.1) whncooared, to
observed fluz distributions Indicated the general -aplcbltq of these
methods and demonstrated the fundamntal. Isportance of the urfce I1erfee.

tics, -414, as a moans of toithfullv camrtif fl I tiuim as are
observed and se a design parameter for conce -ntrator surfaes.

Me results strongly suggest that further work shouldA be doms with the dis-
persion fumotIMOn MdIfIcatons of the sinuuoid swfroce ImeztsetIo should
be Investigated from which foadmtal, peainters similar to JAcould be
detezmined. As a further refiinmsntv a probability distribution shovd be
gives to these foodmntal paemotrso and In particularl ,to lo""
the accuracy of the flu distrIbution boteauiition.

Dolymolmatic of heovdsom, itensityw KetrIbution
Th - mudes ued In the saov amalysis which resulted In the Intensity
distribution gives, In Figure 3.3.1 was based strictly a. a optetcl u-
face dispersion model. 2bmfoe, a forthier analysis vas vade to deteszig
them pesom Intemsity distribution from eap-ermtal. data so that a mmow

parison could be =WW with the hypsheiUly bt1xamed poeftowm. M
ezparlinsta fLu ProtIle, data, ws obtained a. a 31.4 lash femter s.2&r
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If the pseudosem is assumed to be made up of incremental circular suns of

various intensity, the sun of the focal plane flux distributions corresponding

to these incremental suns must equal the focal plane flux distribution

obtained with an actual concentrator. The latter was obtained from the 31.5

inch diameter concentrator and the distribution corresponding to circular uni-

form sun was determined by calculation, using a method similar to that

employed by Hukuo and Mii. For this analysis, rather than using the curves of

flux versus radius. the curves of integrated power versus area were used.

This choice was based on the d,sirability of working with functions without

sharp discontinuities. The power versus area curve for the 31.5 Inch concen-

trator is shown plotted in Figure 3.3.2 and the power versus area curve for a
uniform circular sun is shown plotted in Figure 3.3.3. It will be noted that

the ordinates have been normlized so that the total reflective power is

equal to unity. The Incremental suns were chosen such that the areas of

succeeding suns increased in geometric progression by a factor of 1.259, which

is the tenth root of 10. Intensities for the incremental suns were chosen

such that when the incremental suns were subtracted from the power associated

with the true mirror, the remaining power was 0 or as near to 0 as could be

achieved. The m4xm deviation from 0 was 8 parts in 1000 and the average

was between 1 and 2. The intensities of these incremental suns are shown

plotted In Figure 3.3.4 such that the combination of thean shows the intensity

distribution of the pseudosun.

The shape of the pseudosum as shown in Figure 3.3.4 does not agree very

closely with any of the shapes shown in Figure 3.3.1. It seems, therefore,

that the hypothetical surface model assumed is inadequate. Other surface

models should be examined to find one which will approximate the results of

these calculations. An alternative would be to use the experimental data

developed and work back to determine a surface dispersion characteristic and

possibly the surface model which will yield the desired pseudo sun intensity

distribution.

It will be noted in Figure 3.3.4 that the tall end of the curve is negative.

There is. of course. no dispersion characteristic which will yield a pseudosun

with a negative portion. The negative portion of the curve is attributed

to an error caused by loss of sensitivity of the radiometer in determining
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the low Intensity portion of the flux profile of the 31.5" diameter ocen-

trator.

Solar Concentrator Isorientaton. Effects
Too focal plane power and flux function for the case of the inisoriented, con-

centrator proved to be obtainable only through an extremely lengthy computr

calculations A sample calculation was mede for the case of a solar concen-
trator with a ndsoiientation of one-third of the solar diamiter (10.67
minutes). Concentrator rim angles of 500, 5?,k and woere used. Mw.

results of this calculation shoved that negligible error would be incurred
by assuming tbat the option cavity aperture radius for the misoriented, case
Is larnsr then the optimum cavity aperture radius for the oriented, case by an
aout equal to the Parazial ae translation; and further that the sm

amut of purer will f1l within the aperbare, In both cases. Dteradisted,
purer will, of coure, increase with an Increase of aperture area.

Figure 3.3.5 gives the percetae focal, plane power I& the cavity-absorber

aperure (P/pf),. as a function of the noruslized, aperture diameter (d%/f a)

for concentrator rim angles of 500,v 53 0, P and O n for 0.0' and 10.67' =is-

al-n Of the concentrator with the am's direction. It bo been shown
that this relation is dependent only on the concentrator rim angle and Is
Independent of concentrator d1ims toe It can be seen from Figwre 3.3.5 that
when 10.67' .isal1i.snt occurs, the ini P0 /Pf Is always given by the 6
rim &agl concen -trator.

Figure 3.3.6 gives the percentage focal plane power retained by the cavity,

(apeiming the cavity abomptivity to be constant independent of
temperature as a funiction of nomlised sperture diameter for a 60P rim
angle concentrator (da/f6DO s) for effective cavity taerature (Te) ranging
from 1900 to 24e&01 Also given in this Fiwe Is the perceatags noralized
purer reradiated, by the aperture fmr the cowr vangb TO'*. wnd

P/fand the norrespo a ig ~sn (a/feO a) ar* plotted as a function of
TIn Figur 3.3.7. If 8 Is the Peroentas of thecncnrao surfae not

sh&Amd and Mr, s the o aoetrator reflectivity,, then the nid.actro-
eaviiy asber efficiency Gs given by &xz. N., a B Nr (in. P/pf)) can be
plotted as a ftuction of 2as in nia' 3.3.8.
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3.3.4 Solar concentrator Structure

In view of the high precision requirements of solar concentrators for thermionic

system, optical errors associated with the concentrator structure must be held

to an absolute minimum.

The structure consists of two parts: the paraboloidal shell and its supports.

The experimental determination of the effect of paraboloidal concentrator shell

thickness on optics and performance is prohibitively expensive for the purpose

of this study. However, a theoretical relationship has been determined which

appears very satisfactory when compared with the fev lightweight concentrator

test results available.

The weight of the solar concentrator is the sum of the shell weight and the

weight of the support ring which positions the periphery of the shell. Te

shell weight is readily obtained from the bowl area, thickness, and density.

Bowl area is determined from the equation:

D ( + 1 (18)AB "Cos + Cos )(8

where (S Is the concentrator rim angle. A satisfactory expression for ring

weight has been obtained by considering the ring to be an extension of the shell

having the sam thickness. The length of the extension has been made great

enough to damp out any distortions Induced at Its outer edge. Tf the shell is

approximated by a spherical sepent of radius,

R - D/2 sin ((/2) (19)

then the length of this extension Is about R x 2/$. whwre:

, Poison ratio

The actual support ring vill not have the shae of a simple shell extension.

The actual shape vill be governed by additional considerations of flexural

rigidity and stresses, but it has been found that the ring can be designd

vithin the weight and overall size limitations defined by this simple asswpton.
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The gester the thickness and dish of the shell, the wmre rigid It vill be,

and the smaller the surface slope error vill be. Flexural rigidity equations

for a sphere shov that the surface slope error vill be proportional to k 3 /zR

(whereA and R are defined as above) for a particular residual stress level.

The veght of the shell expressed in term of surface slope error is then:

u WD 2  1/X22 D /3

and the wight of the support ring is:

ZRaT W i j 79 (22)

where: v - denity of material

0 - surface slope error

E a modulus of elasticity
K - rtionality constant - O/, 3

Thus, it Is apparent that shell wight is proportional to 0'2/3

and ring wit Is p CoportiLoma to 0-.



3.4 Orientation Subsystems

General Considerations

One of the major control areas associated with the operation of a solar

thermionic power generation system is that of sun acquisition and tracking

by the solar concentrators. Acquisition of the sun upon emerging from the

earth's shadow must be accomplished as rapidly as possible. This is necessary

to provide the greatest number of watt-hours possible for use by the vehicle,

and to prevent possible damage caused by improper direction of the concentrated

solar energy on some surrounding structural member.

Several approaches may be taken to insure the proper acquisition and subsequent

tracking of the sun. The merits of each approach are dependent upon the vehicle

application and the orbital altitude. In most instances it can be assumed that

a vehicle using a sophisticated solar thermionic power system will have a built-

in orientation or guidance system necessary for the proper operation of other

vehicle equipment such as television cameras or telescopes. With the vehicle

already earth-oriented, for example, it becomes a somewhat simpler task to

direct the concentrator array in terms of a vehicle reference. Depending upon

the accuracy inherent in the vehicle attitude control system,it may be possible

to simply drive the concentrator array at a predetermined rate to insure that

the concentrators will always face the sun. This would normally require a

vehicle orientation control capable of holding + 6 minutes with an error in

the drive mechanism of not more than 5 or 6 minutes. Using this approach, the

concentrators would be assured of imnediate sun acquisition. This type of drive

necessitates that the concentrators have freedom to move about two axes.

A similar approach may be used with vehicles possessing only course attitude

control systems. Here, however, it would be necessary to include a second su-

seeking system in the concentrator array. Two basic controls my be used In

this instance to direct the concentrators. Solar cells or sensors used in

closed-loop servo systems would be one iethod,and the use of bimetallic or vapor

pressure heliotropic echanisms would be the second method. The first method

has the advantage of high gain and accumy but will require same auxiliar7
power to operate. The heliotropic control allows a slight persistent error to

exist but requires no power except the stray radiant energ already present at

the converter cavity. Also, the heliotropic control may be built right Into
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the converter, thereby saving on system complexity. There are two types of

control actions which may be used for either method; namely, fixing the concen-

trator and positioning the converter at the focal point or fixing the converter

and aligning the concentrator axis. The selection of a control would be made

primarily on the basis of the system configuration. In the case of a low power

system with only a few converters, a single sun sensor and servo actuator may

be preferred to direct the entire array of rigidly mounted modules. For large,

complex arrays with many joints and hinges, it may be impossible to insure the

alignment of all concentrators attached to the framework. Here the frame is

roughly oriented towards the sun within ! 50 at all points on the frame and

the heliotropic mount in each module is used to insure accurate alignment with-

in ! 6 minutes. The rough orientation is accomplished with a scan sensing

servo system vbich aligns either the vehicle or the solar concentrator framework.

The nature of the vehicle mission, the orbital altitude, and the vehicle refer-

ence are all pertinent in selecting the type of orientation control most

suitable. If, for example, the vehicle is required to maneuver during its

orbital life and at the same time maintain power output from the converters,

the orientation system may be very complex. By the same token a vehicle that

is sun-oriented for its entire useful life will require far less in terms of

aystem complexity. Also, it becomes apparent that much less power will be

required to maintain vehicle orientation under some conditions. Ideally, it

would be best to consider a sun-oriented vehicle with the power conversion

system designed to trim the alignment of the concentrators with the heliotropic

mounts. The concentrators should be deployed so as to produce the least moment

of inertia, thereby requiring the least amount of energy to maintain vehicle

orientation. Also, it can be seen that by having each concentrator mass

individually trimed with the heliotropic mounts there is less danger of the

vehicle aligament being disturbed by inertial forces resulting from motion in

the entire concentrator array.

Feasibility test models designed and built by TW have shown that heliotropic

mounts can provide the type of control action required to orient solar concen-

trators without using complex electronic or electromechanical devices. The

TRW models demonstrated that mount power requirements are very small, representing

only the energ normally lost outside a thermionic generator cavity due to the
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image spread associated with large-aperture reflectors. The simplicity of the

design concept and the small number of parts in a heliotropic mount promote

high performance and reliability.

TRW Heliotropic Development Program

In the early part of 1959, TRW developed the concept of the simple bimetallic

heliotropic mechanism shown in Figure 3.4.1. Figure 3.4.2 presents a second,

somewhat more sophisticated concept. Examination of these figures will reveal

the basic operating principles of the heliotropic mount.

The major difference between the two mount concepts developed by TRW is the

relative position of the solar concentrator and thermionic generator. In the

first concept (Figure 3.4.1), the concentrator is rigidly mounted to the vehicle

and oriented toward the sun. In the second concept the thermionic generator is

rigidly attached to the vehicle structure and the solar concentrator is suspended

from bimetallic members also fixed to the generator assembly. The two concepts
are compared below:

Concept 1 Concept 2

Small alignment errors will cause uneven Displacement of the focal spot

heating of the thermionic converter and produces uneven heating of the

the bimetallic elements; therefore the elements which produces a torque
converter cavity will try to center or couple to swing the concentrator

itself on the focal point to eliminate until the spot returns to the
the temperature difference in the center of the generator. This

elements, will reduce the temperature
difference in the actuator elements

and by proper adjustment in

sensitivity, allow only a smll
persistent mislocation of the spot.

Concept 2 seem to offer the greatest number of features and advantages:

1. Bach concentrator can be directed independently, thereby

reducing inertial coupling of the concentrator mass with

the vehicle.

in



SELF-ALIGNING CONVERTER MECHANISM

\ Light ysFro, Collector

Struts\ |

Moing Converter
Ring Motion

NOTE: Misdocation of focal spot causes uneven
tmprature distribution around anode rim. Bi-
metallic elements react to move convertr cathode
toward the focal point. This self-compneting
action helps to reduce raclurements for rientation
€o¢ccloy.

Fig. 3.4. 1

U12



HELIOTROPIC ORIENTATION SYSTEM SCHEMATIC

SOLAR RADIATION

ORIENTATION

MISDIRECTED CNETRFO EIL

SOLAR ENERGY 1MTLI
DEVELOPS EEE OCNRlORESTORt~ IT0
TOR"QUPER

MISALIGNED POSITION OF REFLECTOR

ALGED POSITION OF REFLECTOR

Fig. 3.4.2

113



2. Each mount can correct independently for structural

inaccuracies in the generator array or deployment

mechanism.

3. Several unique stacking arrangements for stowing the

generating array in a vehicle in the least possible

volume are possible.

4. The concept is ordinarily used in conjunction with a pair

of gimballed rings which retain the thermionic generator

in the focal plane while permitting rotation of the

concentrator.

5. Gain can be easily adjusted and made very effective in

controlling orientation with only a few watts of stray

radiant flux.

A feasibility model is shown in Figure 3.4.3. This model also includes a

calorimeter to measure total flux entering the cavity between the element

tips. A water boiler on the rear end of the calorimeter provides a constant

temperature heat sink at approximately 2100F. A differential temperature

measurement was made along a heavy copper post leading from the cavity to the

heat sink to permit an accurate determination of heat conduction. During tests

this calorimeter provided a very satisfactory means of determing power input

to the cavity and to the elements.

The model shown in Figure 3.4.3 was mounted in TRW's arc-imaging furnace for

testing. The arc furnace was set up to permit the simulation of a variety of

solar concentrator geometries) that is, the flux levels, spot size, and rim

angle could all be varied at will within the furnace installation. The furnace

was also mechanized to permit moving the heliotropic mount to introduce any

desired persistent error in spot alignment to allow study of all mount

characteristics.

A si:iaant omission in this feasibility test effort was that no provision was
made to produce the vaculu environment found in space. A vacuum environment

results in a tremendous reduction in temperature in the sensing elements and in
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the gain measurements for various power inputs. Heat loss from convective

cooling of the sensing elements in a normal atmosphere is relatively large.

A second omission of lesser importance vas the lack of a representative ambient

temperature in the cavity and what would normally be the thermionic converter

radiator. With a thermionic generator these regions would be quite hot and

the proximity of the sensing element to these hot radiation surfaces would make

a significant difference in the temperatures attained by the elements. The

calorimeter was designed to operate at lover temperatures to minimize radiation

losses and therefore does not truly simulate a thermionic device in the helio-

tropic mount assebly.

Figure 3.4.4 is a plot of some typical test results for two rim angles. Other

useful measurements, such as the thermal time constant which appeared to be

about 1.5 minutes, were also made.

The first feasibility test program conducted in air demonstrated that a simple

bimetallic control can give the required corrective action for a misoriented

concentrator in a thermionic system. The gain normally required (assuming a

maximum correction of 5 degrees and a persistent error of 0.1 degree)is 50,as

opposed to the gain of 4 demonstrated in the test. However, this apparently

large difference is easily accounted for by the excessive convection losses

encountered in atmosphere and other mechanical defects found in the mount

design. In the latter instance it imediately became obvious that excessive

drag was present at the contact point between the elements and the aperture

ring and that the size and shape of the elements were not optin. Also, the

use of six elements produced counter-torques about the ibal axis which
greatly stiffened and lited the motion of the gimbal rings. The results

given in Figure 3.4.4 were obtained using only four elements placed 90 degrees

apart and located on each Simbal axis.

Improved Heliotropic Test Model

Following an evaluation of the data obtained from the feasibility models and

the investigation of other concepts, an Improved mount was built and bench

tested. fhe improved mount was designed around a 4O-tt thermiacnic generator

configuration vhich was intended for use with a 31.5 inch mirror. The generator

cavity size and the 45-degree rim angle of the concentrator were used to fix

the heliotropic mo.t geometry.
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Figures 3.4.5 and 3.4.6 are of the improved heliotropic mount. Figure 3.4.5

shows the complete assembly installed on a vacuum plate and equipped with

heaters and other instrumentation. The large ring shown with the bell jar is

mounted above the heliotropic assembly to counterbalance the weight of the

mock generator. This renders the mount insensitive to gravity and permits

operation in any attitude.

The mount operates as follows: The thermionic generator (parts 1, 2, and 17)

is fixed to the vehicle frame and the concentrator is suspended from the lower

gimbal ring. The properly-oriented solar concentrator directs concentrated

flux into the cavity within the limits indicated by the included rim angle.

A small fraction of this flux is intercepted by each bimetallic sensor. With

proper orientation the heat input to each bimetallic element is equal and no

deflection occurs. With a small vehicle misorientation, the heat input to

one or more elements is increased and the elements on the opposite side of the

mount receive less heat input. This differential in heat input causes the

hotter elements to lift off their bearing point on the generator and the cooler

elements to exert greater pressure at their bearing point. The gimbal ring to
which the elements are attached then rotates, thereby restoring the force

balance within the assembly. This rotation swings the concentrator so as to
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relocate the focal spot at the center of the sensing elements. A small

persistent imbalance in power input to the bimetallic elements remains to

keep the concentrator properly oriented.

Test Results

In the-improved mount test program, the environment created was sufficient to

permit a reasonable determination of what could actually be expected in a

space application. Also, the instrumentation was adequate for accurate measure-

ment and interpretation of mount performance. In particular, the following

performance characteristics were carefully investigated in the course of

testing:

1. angular deflection versus element temperature,

2. angular deflection verus element power input,

3. vector summation of single element motions,

4. hysteresis,

5. position or inclination sensitivity in a 1 g environment,

6. thermal time response,

7. idealized mount gain, end

8. mechanical performance factors and limitations.

Typical performance curves shown in Figures 3.4.7 and 3.4.8 indicate the

satisfactory characteristics of the improved mount design. The determination

of gain for this assembly was accomplished analytically using the power

distribution characteristics of a 31.5 inch concentrator and the test data

obtained with the mount. A gain of over 97 degrees per degree, or nearly twice

the nominal value specified for a solar thermionic systemawas obtained. All

other pertinent factors concerning mount performance and design were deemed

acceptable for a thermionic systems application.

It is a certainty that adequate heliotropic mounts for moderate size modules

can be developed for any system. The development will, of course, be tempered

by many factors which cannot be considered on a generalized basis. Problems

of inertial effects on the vehicle, stowage problems associated with vehicle

geometry, the requirement for vehicle orientation changes, etc.,, must be
considered for a particular system. For systems in the 1 to 10 KW range, it

is practical to consider the use of the heliotropic mount assuming the use of

a moderate module sized with concentrators on the order of 3 to 8 feet in

diameter. in
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3.5 Energy Storage Subsystems

Continuous operation of a solar-powered system over a complete sun-shade

cycle requires some form of energy storage. Energy can be stored in many

ways, but, unfortunately, most of these are not compatible with a solar

thermionic system in a 1 to 10 KW range that utilizes higher temperature

thermionic converters. Energy is usually stored in the form of electrochemical,

mechanical or inertial, thermal, or pneumatic energy. Mechanical or inertial

storage is precluded from a solar thermionic system since the mechanism would

offset all weight advantages for the system and would introduce moving parts

into what is now a static system. Further, the use of such storage mechanisms

would most likely have an undesirable interaction with the vehicle orientation

system. The use of pneumatic-type energy storage would require large and

heavy tankage to provide sufficient energy for the 35-minute shade period, and

complicated heavy rotating machinery to extract and convert this energy to a

useful electric output.

The two methods that do hold promise are electromechanical storage and thermal

storage. These two methods have been examined in detail to determine their

feasibility in solar thermionic applications.

3.5.1 Thermal Energy Storage

Energy mut be stored in either thermal or electrical form to maintain power

during dark periods when solar thermionic generators are used" to provide space

power for earth orbit missions. The following properties of storage materials

must be considered to select a suitable material:

I. heat capacity,

2. energy release with phase change and crystallographic transitions,

3. specific heat per unit volume,

4. melting temperature near 20000 K,

5. heat of fusion,

6. anisotopic thermal conductivity to minimize thermal gradients

which would decrease absorber efficiency,
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7. non-corrosive to structural materials over long time periods,

8. not subject to dissociation or large pressure increases

with temperature,

9. not chemically reactive with structural materials to form

compounds that are solvents for the heat storage material itself.

Due to t he general applicability of solids for thermal energ storage at high

temperatures in space applications, attention will be focused below primarily

on the factors which affect the heats of fusion and heat capacities of solids.

Considerations for Integrating Heat Storage Capability in Solar

Thermiomic Generator Systems

The high operating temperature of thermionic converters requires that the

individual converters be arranged in a cavity geometry in order to minimize

heat loss by reradiation. In general, this results in a very compact generator

configuration. It is therefore necessary that the thermal energy storage

material and container also be of a small volume since it will have to be

placed in close proximity to the thermionic converter emitter. The mode of

heat transfer from the storage material to the emitter will be radiation and/or

conduction ,since body forces are absent in space,and employing forced circula-

tion at these high temperatures is improbable. Thus the thermal conductivity

of the heat storage material and the surface characteristics of the container

are important considerations.

Heat losses being proportional to the fourth power of the temperature indicates

the desirability of minimizing temperature differences between the solar energy

absorber and the thermionic emitter. A high thermal conductivity in the heat

storage material will minimize temperature gradients and ,consequently.,the

maximum temperatures within the cavity. The emissivity and absorptivity of

absorber surfaces are important design variables over which the designer may

have some control. For exaple, it would be desirable to obtain a surface with

a high absorptivity to the incoming solar radiation and a low emissivity for

radiation of the wavelengths corresponding to the temperature of the absorber.

However, if the muchanism for heat transfer from the abeorber to the eltter Is also

radiation, then a high emissivity would be desirable. This apparent inconsis-

tency can be circuvented through proper geometric considerations in placing
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the heat storage material within the thermionic generator package. An

illustration of this would be to transfer heat into the storage material

through one surface and from the storage material to the emitter through

another surface, thus allowing each surface to have different radiative

properties. A great deal of work in the field of coatings for space radiators

is presently being done, but this is for a temperature range considerably

below that of concern for thermionic devices. The problem of coating deterior-

ation with time due to high temperature and vacuum will require investigation.

Utilization of sensible heat in addition to latent heat requires analysis of

the thermionic system performance when the emitter temperature is allowed to

decrease in order to obtain the sensible heat from the cooling heat storage

material. An optimization will indicate the amount of sensible heat contribu-

tion desired in order to obtain the beat overall power-to-weight ratio for the

solar thermionic system. If a decrease in thermionic generator power output

is allowable, it is possible to utilize additional sensible heat. However,

this will result in an increase in the temperature cycle band width below that

of normal operating temperatures. If the temperature cycle band width is

permitted to increase above that of normal operation, greater solar concentrator

precision is required. In addition, heat losses will increase rapidly with

temperature as stated above.

Consideration of containment of the heat storage material demands equal con-

sideration to the heat storage material itself, since the weight and volume of

the container could be of the same magnitude as that of the heat storage

material. Material compatibility is necessary for durations up to one year.

Corrosion and alloying between the heat storage material and container material

must be investigated. Therefore, the merit of a heat storage system must be

evaluated on either a volume or weight basis which includes both the storage

material and container material. Volume changes due to thermal and phase

change will Influence the container design. The strength of the container must

be sufficient to withstand the partial pressures of the heat storage material

components. Further, the container material must limit, if not prevent,

diffusion through the container walls.

The feasibility of thermal energy storage therefore cannot be decided solely

on the basis of the thermodynamic properties of the storage material but on
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its integration in the solar thermionic generator system. These requirements

may be mutually contradictory. It is not a priori evident that high specific

heat materials possessing desired thermal conductivity properties also have

high heats of fusion. Further, it is not obvious that low density materials

for thermal storage will, of necessity, result in the lowest-weight heat or

energy storage system. Thus, it may be advantageous to examine the higher

density materials to determine whether or not they may result in more optimum

thermal storage systems.

The energy storage system under consideration should be that which results in

the lightest weight system pubject to the various operating constraints imposed

by the operating environment. The greatest bulk advantage for a thermal energy

storage system will in all probability accrue by maximizing the heat of fusion,

on a unit weight basis, of the thermal storage material. The energy storage

capacity which results from a high specific heat is, as a rule, t.o or three

orders of magnitude below the thermal capacity inherent in a phase change and

is not available as constant temperature energy. The greatest energy storage

capacity of presently known materials will come about in conjunction with the

heat of vaporization, however, containment problems inherent in the transition

to the vapor phase from the liquid phase may be difficult to solve. An

appreciable amount of energy 1.3, however, stored in the material in the process

of raising its temperature to that level where melting occurs. Large specific

heats, if not obtained at the expense of the heat of fusion, are also desirable.

Since the energy must be added to the material in the form of an incident

energy flux, the thermal conductivity properties of the material are also of

interest.

A preliminary survey of high temperature materials has been conducted in an

attempt to select promising heat storage materials for advanced thermionic

generators. Table 3.5.1 presents the results of the survey. These materials

demonstrate the following basic properties: (1) solid state, (2) chemically

stable in the temperature range 1500°K to 20000 K, (3) high heats of fusion,

and (4) high melting temperatures with low diffusion.

Gases and liquids or the alkali halides and bydrides were not considered.

Although these materials demonstrate high heats of fusion (e.g., LIF,
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450 Btu/rb at 1117oK, and LiK 1250 Btu/1b at 9580K).their relatively low
boiling points and instability at temperatures required for this application
does not at first approximation suggest further study. LiHi for example.,
decomposes at 1331K into lithium and hydrogen. Due to large diffusibiJ.Lty

of hydrogen in materials, the containment problem may be quite severe from an
engineering standpoint. The problem associated with using such a material
for heat storage at temperatures of 20000K is further complicated when one

considers the high pressure differential resulting from the operation in the

space vacuum.

Table 3.5.2 presents heat contents between 1500 K and 280OK for several

potential heat storage materials.

An examination of the lists of materials indicates that several materials may

have heat storage properties suitable for use with thermionic generators. The

suitability of any of these materials cannot be definitely determined. howver,

without recourse to an extensive development and evaluation program. It has
been proposed that a heat storage materials study be made. Such a study may

prove the feasibility of using one or more of the better materials, such as
beryllium oxide with thermionic generators, but as of this time it appears

impractical to utilize thermal storage in any proposed thermionic system.

Calculation of the heat storage capacity of BeO shows that 1780 Btu/1b can be

realized over a temperature range of 20000K to 2820.90 K; but it is very doubtful
if the necessary storage material could be packaged in the quantities required,

considering the geometries associated with our present thermionic generator

concepts.

Also, there is little certainty of the necessary heat transfer taking place or
that the materials involved would be coupatible for long-term operations.



TABLE 3.5.2

HEATS OF FUSION AND TRANSITION FOR HIGH TEMPERATIE
HEAT STORAGE MATERIAL

Material AH fusion (or transition), Melting Temperature,

Cal/mole OK

Be 2,800 1563

go0 13,500 2823

8 5,300 2300

B203 5,500 723

Hf 5,790 2495

U2 T10 3  2,750 (Transition) 1485
26,330 1620

K MAi S13 OF 2  73,600 1670

MP ,15,000 2600

TI 950 (Transition) 1155
4,460 1940

TIO 820 (Truro) 1264

U2TI0 3  2,750 (Trans) 1485
26,330 1820

Zr 915 (Trum) 1135
4,900 2130
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3.5.2 Electrical Storage

With the elimination of thermal storage as an energy source for thermionic

systems, the selection of an appropriate battery storage system is indicated.

The selection of one of the several promising types of secondary batteries for

use in a solar power system is dependent upon the particular requirements of the

power system and the characteristics of the batteries. For any space vehicle

system application, a high specific power and good reliability is mandatory.

Further, the nature of the operating environment necessitates a hermetic assembly,

and one which is structurally rugged to withstand the stress of launch loading.

The inclusion of such a battery in a 90 minute orbital application with a one

year life requirement, as is the case for the proposed thermionic systems, also

requires that the battery has a high cyclic life. The selection of the most

efficient batteries available consistent with good cycle life and minimum weight

is essential because the use of secondary batteries for electrical energy storage

incurs electrical losses of various types vhich must be charged against the

generating system.

In all batteries there is an ampere-hour loss with each charge-discharge cycle.

That is, all of the cahrge put in the battery during charging cannot be extracted

from the battery. This lose is not insignificant, but it is often omitted from

charge-discharge efficiency detarminations, thereby contributing to the variance

of quoted performances.

All batteries also require a charging voltage higher than the discharge voltage.

This voltage difference is not merely an internal resistance effect but is a

function of the state of charge of the battery. The charge and discharge

voltages will vary during constant current operation. Battery efficiency is

often quoted as the ratio of nominal charging voltages. This method gives very

optimistic performance values, not only because it omits the ampere-hour loss,

but because all of the discharge power will not be usable if the discharge at a

voltage above or below nominal cannot be fully utilized by the load.

Another source of loss associated ith secondary batteries is the regulation of

charging current and discharge voltage. Because of the Inefficiency associated

ith static DC-DC conversion, it is desirable to have the generators supply the

load directly during sunlight and the batteries supply the load directly during

130



shade. This means that the batteries should fall within the system voltage-

regulation specification, otherwise a power-consuming regulator must be added

to the system.

Of the various types of batteries currently available, only three appear truly

suited to space applications. These are nickel-cadmium, silver-zinc, and silver-

cadmium. All three have relatively high specific powers and can be sealed

against the vacuum environment of space. The selection of a type for the

thermionic system application is then dependent upon the particular require-

ments for high cyclic life, reliability, insensitivity to launch loadings and

minimum size and weight.

A survey of the characteristics of secondary batteries brought forth many

conflicting reports on the performance that could be expected from various

types of secondary batteries. The amount of actual test data available at

this time is very limited and somewhat inconclusive. Further, it appears that

the method of rating batteries and calculating performance varies with the

manufacturer.

Several general observations can be made concerning the characteristics of the

three batteries mentioned. The silver-zinc battery has the highest specific

power of the three but is generally limited to a few hundred charge-discharge

cycles. The silver-cadmium batteries have second highest specific power but

are not so highly developed as the nickel-cadmium batteries nor have they

demonstrated under test the ability to withstand as many cycles as nickel-

cadmium batteries. The cycle life of nickel-cadmium and silver-cadmium batteries

is dependent upon the depth of discharge and operating temperature. Because

of this, the silver cadmium battery appears to have a definite advantage over

nickel-cadmium vhere the cycle life is on the order of 5000 cycles. The

silver-cadmium has a specific power of about 2.5 times that of nickel batteries

and requires limiting of depth of discuarge to 40 to 60 percent as compared to

5 to 30 percent for nickel-cadium, thereby permitting a greater realization of

watt-hours per pound of storage hardware.

An additional feature unique to the silver-cadmium cells is that the discharge

voltage is relatively high (approximately 1.1 volts) and remains nearly constant
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throughout the entire discharge cycle. This constant discharge voltage

characteristic helps insure a good regulation of system voltage and eliminates

most of the losses that would be associated with the regulation circuitry need

for other battery storage systems.

The best available data regarding the three types of batteries may be summaized

and readily compared in Figures 3.5.1 and 3.5.2. The first figure readily

compares the specific weights of the three batteries and includes the effects

of temperature and discharge rate. The second figure is perhaps the most

significant in that it represents a summary of test results obtained to date

using the three batteries under cyclic test conditions. The data is displayed

with battery weight in pounds divided by megawatt-hour cycles as a function of

the number of cycles. In this way it is readily possible to compare the

performance of the several battery types tested for the number of cycles

indicated. The limit of depth of discharge is also indicated. Also, it must

be pointed out that the data points do not constitute the failure limit of the

batteries but rather the number of cycles they have satisfactorily completed

without failure. From the data it is seen that both nickel-cadmium and silver-

cadmium batteries have demonstrated life for over 5000 cycles. Also, the

reduced weight figure and higher allowable depth of discharge tolerated by

the silver-cadmium batteries indicates a definite superiority of the type for

high cyclic solar applications.

Manufacturers and other investigating groups have attested to the ability of

these batteries to withstand shock and vibration. Nickel-cadmium, in particular,

has been tested and found to withstand accelerations up to 1 g's; vibration

at 0.5 inch from 5 to 10 cycles per second; 2.5 g's from 10 to 50 cycles per

second; 5 g's from 50 to 400 cycles per second; and 7.5 g's from 400-3000
cycles per second;and a shock intensity up to 30 g's.
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3.6 Controls
The satisfactory operation of solar thermionic systems is heavily dependent

upon the characteristics of the overall control systems. Controls for the

generating system can be divided into four major categories, namely:

1. Structure-deployment mechanisms

2. Orientation and startup controls

3. Thermal controls
4. Systems controls

Each category is in its turn vitally important to the overall system, and

furthermore, the efficiency of the system and its physical size for a given

power level is directly effected.

In sumary, the objectives of the overall control systems are as follows:

1. Proper erection or deployment of the system in space.

2. Initial and continuous acquisition of the sun upon

emerging from the earth's shadow.

3. Precisely tracking the sun with the concentrator during

the sun portion of the orbital cycle.

4. Rapid attainment of full power output from the converters.

5. Stable power generation characteristics throughout the sun

portion of the orbital cycle.

6. Protection of the converters from severe transients or

improper operational modes which would promotq premature
failure or reduced reliability and performance.

7. Protection of the batteries from severe transients or

improper operational modes which would promote premature

failure or reduced reliability and performance.

8. Proper sensing and accommodation of vehicle system load

requirements under normal and abnormal circumstances.

In the following discussion an attempt will be made to briefly analyze the

system requirements in each of the major areas mentioned and to select the

most appropriate approach to meeting these requireents.



3.6.1 Structures and Deployment Mechanisms

Systems requirements such as the need for vehicle stowage, deployment mechanisms,

and structural members to insure the accurate positioning of the converters in

the focal point may also be considered as part of the systems control problem.

These latter items are heavily dependent upon the particular vehicle selected,

the purpose of the mission which will dictate the need for other equipment also

stowed in the payload area, and the size or type of helionic array selected for

the application.

It has been established that the modular concept using moderate-sized concen-

trators of the rigid high precision variety is indicated. With the state-of-

the-art in concentrators currently limited to diameters of five feet or less,

it becomes apparent that the structural system selected for deploying and

maintaining the modules in space is directly related to how many modules it

can satisfactorily accommodate. That is, how many modules can be nested or

stacked in the vehicle during launch, and how well can the structure limit

stack-up errors which contribute to concentrator misalignment. The deployed

structure must not interfere with other vehicle mechanisms nor should it restrain

or disturb the vehicle itself due to inertial interactions. Finally, the

arrangement must also be satisfactory in terms of the system output voltage

requirements and must possess the degree of reliability or redundancy deemed

necessary.

Figures 3.6.1 through 3.6.5 present five concepts intended to meet the need of

a solar thermionic system from 125 watts to 3 KW. It is imediately apparent

that the complexity and the number of modules required for higher power levels

increases rapidly. It is this factor more than any other which will limit the

size of solar thermionic systems until the state-of-the-art in concentrator

fabrication is made to include precision concentrators of significantly larger

diameter.

The stowage and deployment of one or even several modules, as shown in Figure

3.6.1, is relatively straightforward. The mechanisms are simple and the structure

rugged. Simple hinges, springs, locks, and release mechanism are adequate once

the vehicle is placed in orbit. As the system gets larger, as shown in Figures

3.6.2 and 3.6.3, more attention is directed towards limiting the stowage space
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requirements with an attendant increase in complexity and a marked increase in

need for precise alignment of all structural parts along with controlled deploy-

ment. Simple extension or unfolding structures are replaced by more elaborate

truss work arrays as the size increases to maintain the necessary strength and

alignment accuracy and again the deploymant proganing is made more complicated.

For systems in the 1 to 10 KW range, the array-type deployment structure is

necessary. These structures fold compactly into the nose cone and are rigidized

by the addition of support structures, locks, and strategically placed prestressed

hollow columns fitted with explosive bolts to be released on command. With the

vehicle in orbit a timer or radio pulse will command the release of explosive

bolt assemblies. The deployment is then controlled by the paying out of a

motor-driven cable which restrains the structures against extension springs.

These springs are graduated in strength to insure the outemmost members are

fully extended before the inner members are allowed to move by the payout cable.

With each major segment of the structure moved into position, a release cable

allows the module concentrators or the generator erection structures to m

into proper position. Here snubbers and locks are employed to insure against

shock or defomation and bounce.

The alignment requirements of the solar modules is such that the greatest

possible accuracy be built into the structures. With small systems it is

possible, by controlling the dimensional accuracy of hinges and structural

members, to Insure alignment between the vehicle and each module within .1

degree. With this being the case, the sstem can be rigidised and a single

orientation system used to control sun alignt. In larger systems, however,

this initial structural alipment sees doubtful and the use of the heliotropic

mount with each module and a gross vehicle attitude control seems desirable.

3.6.2 Orientation -n Startw Controls
The selection of an orbit also will have a considerable influence on the

Momplexity, weiht and effielency of the conversion system. The lower altitude

orbits will smerall be the least efficient, most cmplex, and require the

greatest weight. This high weight and low overall efficiency stems from the

large shade to sum ratio. This necessitates a larger conversion system to



generate sufficient power in the sun period to accommodate the shade portion

of the cycle and imposes the great weight penalty associated with using

batteries to store this power. The lower efficiency is also strongly dependent

upon the actual period of power generation, which is less than the sun portion

of the cycle by the amount of time needed to preheat the converters to establish

operating temperatures. The shorter the sun period the more significant will

be the preheat period in evaluating overall performance. The fact that batteries

are used also imposes a reduction in efficiency because of the nharging efficiency

of the batteries. It may also be noted that batteries must be derated in pro-

portion to the cycle life expected and that this factor makes a considerable

difference in system weight between high and low altitude orbits. Finally,

it can be seen that an immediate acquisition of the sun is necessary to insure

full utilization of the sun portion of the cycle. This then requires an

orientation system which has fast response and stability upon emerging from

the earth's shadow or a system which continues to program the orientation of the

concentrators during the shade portion of the cycle so that the system is

peroperly aligned at the time it enters the sun.

For systems in the 1 to 10 KW range, it will be necessary that the course

attitude control system in the vehicle be operational in the shade. That is

to say, the array must be properly directed at the instant it emerges from the

shade. The accuracy of this direction must be within -5 degrees. Also

because of the large mass and inertia. involved in the helionic system, it is

most practical to have the system maintained in a sun-oriented attitude at all

times, thereby requiring a minimu of fuel or inertial control hardware for

the vehicle.

With the -5 degree direction assured for the modules, it is easily possible

for the heliotropic mounts to acquire the sun within the !6 minute accuracy

specified for the modules. Also, there will be no danger of burnout or

structural damage due to the concentrated energy being directed on a structural

member during the initial sun acquisition.

It has been determined that no startup control as such will be needed for the

thermionic generators. With the -5 degree initial dawn alignment insured,

the generator itself can be adequately shielded from burnout during the sun
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acquisition by the heliotropic mounts. Also, once the energy .!a focused into

the generator cavity the generator will easily withstand the rapid warmup

cycle which wiLL follow.

The generators developed under this program and previous efforts have demon-

strated their ability to survive step power inputs without excessive tempera-

tures or stresses being noted in the converter structures. The cubical

cavity generator, while not cycle tested in the laboratory, had been subjected

to rapid power application in the subsequent solar test effort using the

5 foot earthbound solar tracking rig. The stress of startup can, of course,

be of considerable importance in terms of the cycle life of the converters.

The proper control of cesium pressure and system load can, however, minimize

the extent and severity of such startup.

3.6.3 Thermal Control Systems

Thermionic converter operation depends on the temperature of three parts of

the converter being held within certain limits. These three parts are the

thermlonic emitter, the collector, and the cesium well. Furthermore, in an

orbital application utilizing electrical energy storage, the time required to

achieve the temperatures necessary for operation is directly translatable

into a system performance loss. Fo, example, with a 55-inute orbital sunlight

period, each 33 seconds of warmup time results in a 1% drop in system perform-

ance. The sunrise period in a 90-minute orbit is 8 seconds. The gradual rise

of heat input during this period will reduce the thermal shock on the converters

and will lower the warmup time charged against the 55-minute sunlight period.

Operating experience with thernionic converters has shown that the thersionic

emitter can be expected to reach operating temperature In less than half a

minute. No temperature control is required for the theriionic emitter because:

1. The constant nature of the solar heat source precludes the

possibility of large heat input variations.

2. With about 96% of the focused energy being utilized vader
misoriented conditions, Input power variations due to

orientation changes cannot exceed 4%.
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3. Reradiation loss, being proportional to the fourth power

of emitter temperature, has a large stabilizing influence

on emitter temperature.

4. The suggested voltage control will keep the generators

fully loaded and will thus produce a stabilizing effect

on the emitter temperature by increasing "electron

cooling" as the temperature rises.

Assuming the application of solar energy is accomplished immediately upon entry

into the sun, there is still a period of time required to attain operating

temperatures and power output from the generator. There are three parts in a

generator assembly which must be maintained at the proper temperatures to insure

efficient operation. These are the emitters, the collectors, and the cesium

reservoirs. It becomes necessary then to rapidly raise the temperature of the

emitters by the direct application of solar flux, to heat the collectors by

conduction and radiant transfer from the emitters and later by electron flov

from emitters to collectors. With the collectors heated to a reasonable

temperature, it is then possible to heat the cesium reservoirs by conduction

from the collectors. This warmip sequence, however, my take a considerable

amount of time depending upon the masses involved and the amount of energy that

can be transferred by conduction, radiation, etc., with the particular configura-

tion used in a generator design. It can be seen that while it may be a simple

task to design a generator that will attain the proper equilibrium temperatures

under long-term operating conditions with a fixed power input, it is very

difficult to design a generator which will attain the same equilibrium conditions

very rapidly.

The elevation of the emitters to design temperature my be readily accomplished

because the mass involved is relatively small and for an inoperative generator

the main source of heat loss in the emitters Is by radiation. In the absence

of a cesium plana the emitters will heat rapidly until the radiation loss

equals the Input power,as is the case with a simple lig t bulb filament.

A different situation exists for the thermonle generator collectors, however,

in that they usually constitute a larger mass which must be strong enough to

serve as the mounting base for the converter assembly and must have cnduction



paths of sufficient cross section to carry heat from the collecting surface to

the radiating surface. For a converter suitable for cyclic operation there are

three approaches which may be taken in designing a suitable anode. The first is

to make the anode mass very small so as to reduce its heat capacity and keep

warmup time to a minimum. The use of high emissivity radiator surfaces to

minimize the required area and a metal with light weight, good conductivity,

and low heat capacity will greatly assist in rapid warmup. The second approach

is to build a large heat capacity into the collector radiator by using large

masses of high-heat-content materials or even by using the latent heat content

of various elements. With this approach, then, it may be possible to prevent

the collector temperature from dropping below the point where reasonable

operation can be expected imediately folloving the shade portion of the orbital

cycle. A third approach consists of the use of two members to constitute the

collector. In this instance the collector is coupled to a larger radiator mass

by the pressure exerted by bimetallic clips. If the collector begins to cool

dovn, the blmetal clip disengages the radiator and thereby retards the loss of

thermal energy from the collector. Other methods of shielding the collector-

radiator during the shade portion of the cycle may also prove effective in

maintaining operational temperatures by limiting radiation losses.

For systems proposed in the 1 to 10 IW grouping, it is more desirable to

construct a simple light weight generator. This means the collector-radiator

will be built with minimun mass and heat storage capacity. The conduction path

will be a minim- consistent vith strength and mounting requirementa. The

radiator shall be designed with the highest possible emissivity surface and

minimum area. No thermal control as such need be provided because the con-

verters are relatively insensitive to collector temperature. This aplification

and weight saving will more than compensate for the slight attendant loss of

performance.

With the strong dependenoe the converter has on cesium temperature and vapor

pressure, this control area requires very careful consideration. While test

data has shown that collector temersture may be varied by as much as 200 to

0°K without changing converter efficiency and output by more than a few

percent, it has also shown that cesium temperature must be held to within 20 or

300 K to provide the sme liits on performance variation. Furthermore, it is

very desirable to have the cesium pressure at the desired operating level to
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assist in rapidly attaining thermal equilibrium within the converter and to

prevent excessive temperatures or thermal stresses from developing in the

emitter. It has been pointed out that the emitter heats very rapidly when

irradiated. The presence of the proper cesium plasma will permit the immediate

transfer of electrons from the emitter to the collector surface. This action

greatly limits emitter temperature by the process of electron cooling. Transfer

of large quantities of heat to the collector at relatively low emitter tempera-

tures rapidly raise the temperature of the collector and radiator, and,of course,

make a significant amount of power available to the vehicle system. With the

obvious advantages of being able to Limit temperature excursion, reduce tempera-

ture gradients and thermal stress, rapidly attain thermal equilibrium and pover

output, it seems very desirable to have the cesium temperature maintained as

closely as possible to the optimum value during startup and operation.

The control of cesium temperature can be approached in many ways. The problem

here is somewhat different than with the collector because the mass evolved is

much less and the controlled temperature level is much lower. The simplest

concept in establishing cesium temperature is to size the conduction path from

the converter assembly to the cesium reservoir to transfer sufficient heat to

just equal the heat radiated by the reservoir at the design temperature. The

approach can be easily achieved if the converter is in equilibrium and the

environment is static. This is not at all the case with an orbital application

of thermionic conversion where the background radiation, concentrated radiation,

converter operation, collector radiator temperatures, etc., are all varying

as the system cycles through sun and shade conditions. More sophisticated

controls are therefore necessary to maintain proper temperature in the cesium

reservoir. As with the collector there are several heat storage techniques

that may help liit the excursion in cesium temperature during the shade portion

of the cycle. In addltion there is the possibility of using a conduction path

modulator control or using electrical heating in conjunction with a temperature-

sensing or blaetal switching circuit. Another approach Is to reduce the heat

capacity of the reservoir and place it in a position where it will intercept a

portion of the concentrated energy directed at the emitter. With this scheme
It would be necessary that the cesium reservoir be heated rapidly to an equilib-

rium temperature so that sufficient vapor is present by the time the emitter

attains operating temperature.
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All of the control approaches listed are, of course, dependent upon the con-

verter being at a temperature at least as great as the minim reservoir

temperature encountered in the cycle. It follows then that whatever design is

selected for the system, the collector temperature must be maintained above the

desired cesium temperature or elevated to that temperature very rapidly.

Actual solar tests with the cubical cavity generator, as shown in Figure 3.6.6,
indicate that the temperature of generator collector-radiator will be raised

above the critical minimum cesium reservoir temperature of 300°C in less than

five minutes after a cold start at room temperature with about a 700 watt input.

The cesium reservoir, however, requires almost 30 minutes to reach the same

temperature. With the time response of the collector radiator unchanged, a

power input with a 130 watt per ft 2 solar constant would permit attaining the

Minimum 3000C point in approximately two minutes. It follows that nearly full

power output can be realized in two minutes if the cesium reservoir temperature

can also be elevated to 300°C or better at the same time. To insure this in

systems specified for the 1 to 10 KW range, it is necessary to provide electrical

heat input for the cesium reservoirs. The heaters will be thermostatically

controlled to supply the few watts of power normally required to maintain

proper temperature. The thermoswitches will be set at the low end of the

cesium reservoir temperature band so that electrical pover is added only with

the reservoirs slightly below the optima set point. During full power operation

the reservoirs will be designed to reach an optim equilbrium temperature with

the heat conducted down the reservoir connecting tubulation from the collector.

Each reservoir heater and switch will be shunted across its own zonverter

asseambly. In this way the converters can provide added power to the heaters

to accelerate the warnp process and the batteries can beat all reservoirs

during the shade cycle since the geerators will remain on the line during this

time. The heater and switch circuitry is shown schematical3y in Figure 3.6.7.

With proper design the reservoirs will be held at approxiately 280 C to 3000C
with the thermosvitch set to operate at 33.OC. During the sum portion the
reservoir will reach an optiia temperature of 322oC with no electrical power
drain.
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The advantage of using electrical heaters is immediately apparent if one

considers that for a 1.5 KW system the heater power required at 2 watts per

heater for 30 minutes is only 7200 watt minutes, which can be supplied in less

than 2-1/2 minutes of sun operation with the thermionic generator output of

2900 watts as would be required for an orbital application with battery storage.

Without reservoir heaters an estimated 16 minutes would be required to attain

near full power operation which then constitutes a loss of 39,000 watt minutes

to the vehicle system.

151



3.6.4 Electrical System Controls

To function properly, a solar-powered thermionic generating system for an

orbital application has need for several electrical control components and

control systems. A thermionic power conversion system must be capable of

(1) delivering the power necessary to satisfy the vehicle requirements,

(2) charging a battery bank needed to sustain the system during shade operation,

and (3) makin up the power dissipated in any conversion or control equipment.

The system is further complicated by the fact that a 55-35 minute sun-shade

orbital cycle is involved, and the system load is subject to variations from

zero to full power at any time.

To assist in the development of a suitable control system, it is first necessary

to evaluate the hardware that is currently available. This hardware includes

batteries, DC-DC conversion devices, regulation devices, and power dissipating

devices.

The overall electrical control hardware requirements for a typical system with

battery storage and cyclic operation may be sumarized as follows:

1. System voltage regulation control.

2. System load demand sense.

3. Abnormal load demand sense.

4. Generator power output sense.

5. Battery charge rate control.

6. Battery charge level sense and control.

7. Battery discharge voltage control.

8. DC-DC converters.

9. Auxiliary load bank.

The design of an efficient s"stem will combine the functions of sensing and
control mechanisas and Integrate the logic network so far as possible to

inimize controls weight, volume and power requirements.

In the operation of the conversion system, it will be essential that load power
remin resonably costant. In the region of the design point, most converters
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operate as constant power devices and will adjust voltage or current output to

maintain power output with minor variations in load impedance. If load is

removed or greatly reduced, however, the converter is subjected to severe

thermal transients. The emitter temperature will rise very rapidly and emitter

work function will change greatly due to the removal of cesium atoms from the

heated surface. In this case, even vhen the load is restored, it requires some

time before normal operation can be resumed. This temperature excursion is

conducive to thermal stressing of other components, cracking of the emitter

structure, and rapid evaporation of the emitter material. This evaporation is,

of course, undesirable because it deposits on vehicle structure and solar

concentrators outside the converter and coats the collector with a higher

emissivity surface within the converter. Both actions cause a reduction in

system performance and efficiency. Also, the voltage regulation characteristics

of the thermionic generator will necessitate the use of some voltage regulation

device in order that a specified system voltage be maintained. Since fuel

consumption at part load is no problem, but peak load capacity is limited with

solar-povered systems, a shunt type parasitic load is the best voltage regulating

device. This type of regulator draws a minimum of power at full system load

and works well with generators having poor regulation. In this case, an auxiliary

load will serve two purposes, voltage regulation and generator load stabilization.

Several design approaches are possible for the auxiliary load and control. The

use of high-bemperature, high-watt-density radiators is suggested in any event

to minimize weight and bulk. The size and voltage regulation requirements of

the vehicle system will dictate the controls circuitry design. For smaller

power systems it appears possible to use a simple stepping motor and hermetically

sealed comtator to step in or out the required load increments necessary to

provide regulation. This stepping arrangement in felt suitable because the

thermal response characteristics of the generators are sufficiently long to

prevent any truly instantaneous voltage changes due to system load variations.

A stepping motor and low frequency sampling network can easily keep pace with

the anticipated rates of change.

For large power systems or close regulation requirements,heavier and higher

speed mag-amp or controlled rectifier type gates may be used to regulate load

bank power dissipation.
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Where secondary batteries are used to supply power in the shade, voltage

regulation of their output will be required during at least part of the shade

time to protect the system from the high terminal voltage developed near full

charge. A voltage-dropping resistor will fulfill this requirement with a

minimum energy loss. It may be, however, that in many cases the battery dis-

charge voltage regulation can also be insured by the auxiliary load recommended

for voltage control and stabilization of the generator system. Since the

period of high initial battery discharge voltage is short, it may be possible

to reduce the voltage to the system by simply loading up the batteries with

the auxiliary load bank. The power associated with the high initial voltage

will have to be dissipated parasiticallJy in any case, and if the batteries can

be shown to withstand the higher initial current drain without excessive

heating or deterioration of cycle life, the controls hardware requirement will

be simplified.

The selection of batteries suitable for a one-year orbital application is

limited and Sil-Cad seems most acceptable. General specification for Sil-Cad

batteries include the capability of obtaining 77% charge efficiency, sufficient

cycle life with moderate derating, and a good watt-hour per pound figure.

Typical discharge and charge characteristic curves for Sil-Cad batteries are

shown in Figures 3.6.8 and 3.6.9, respectively.

For charging secondary batteries, a voltage higher than system voltage in

required. This voltage may be obtained by placing in series with the line

an additional generator. This generator may consist of either a group of

thermionic generating nodules or a DC-DC converter which draws its power frcm

the 28 volt line. The latter choice in preferred because:

1. The additional generating modules cannot, in general, be

made the same size and power as the other system modules.

2. The gains in reliability achieved by the series-parallel

conetcion of system nodules would not apply to the

additional generating modules.

3. The DC-DC converter can be conveniently combined ith a

battery charging regulator and the system voltage regulator.
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The last item regarding the integration of a battery charging control is, of

course, necessary because of the variation in terminal voltage which results

from the changing charge state. One of the recommended charging methods is

to control the current at a predetermined level. For the battery charge

characteristics shown in Figure 3.6.9 a current-limited control that held

10 amps as the maxim= level vould be satisfactory. Such a charge current

control may be built into the DC-DC converter used to obtain the topping volt-

age. Such a converter circuit is shown in the block diagram(Figure 3.6.10)
and schematically in Figure 3.6.11. This converter-current Limiter circuit has

been used successfully by Thompson Rmo Wooldridge for several similar control

applications.

Figure 3.6.12 presents a state-of-the-art mary of DC-DC converter efficiency
weight and volume as a function of input voltage. With the Incorporation of
the current limiting feature discussed, these curves will require an upward

adjustent.

Numerous system and control concepts are possible. The control scheme selected

and integrated with the vehicle system and generating system is strongly depend-

ent upon the specific mission requirements. While it is impossible to present

all systems and controls combinations, several typical approaches can be

presented for comparative evaluation. The two circuits shown in Figure 3.6.13

are suggested for application in a 1.5 KW system. The first circuit uses a

DC-DC converter to provide a regulated 27.5 volt output with an input of

approximately 21 volts. The battery charging voltage is 1.45 volts per cell

and the discharge voltage 1.10 volts. These voltages have the sme ratio as

system voltage and thernionic generator voltage. In this Instance the 27.5

volts is Impressed on the system load and the battery bank during the am

portion of the cycle. During the shade portion, the output of the thernionic

converter disappears and the loss of voltage drop across Rl caues the battery

bank to be switched to supply the DC-DC converter. he auxiliary load Is

sensitive to Lin voltage so as to respond by applying load vhen the voltag

rises towards the upper limit maintained by the regulator clrcut in the DC-DC

converter. This rise in line voltage vweU2, of cowse, be related to the system

load levels. Also, there is a provision in the battery charging control to

plaoe the battery on standby when full charge is reached. The power absorbed
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during battery charging is then absorbed by the auxiliary load. The total

power output of the DC-DC converter is held nearly constant at 27.5 volts and

the input to the converter, whether from the battery supply or the thermionic

generator, is held nearly constant at 21 volts.

The second circuit utilizes an identical battery charge control and auxiliary

load bank but only a small unregulated DC-DC converter to assist in obtaining

the voltage required to charge the batteries during the sun portion of cycle.

The supply voltage in this case is more dependent upon the gain of the auxiliary

load and the batteries or the generator as a relatively stable voltage source.

Although other circuits similar to Circuit 1 can be devised, the second circuit

is deemed superior for several reasons. The power requirement placed on the

thermionic generator in Circuit #1 is larger, and the converter regulator

circuitry is more complicated and less efficient as is shown by the following

calculations.

Circuit 1

The generator is assumed to generate full power in one minute after entry into

the sun. And from Figure 3.6.12, the DC-DC converter will be 84% efficient.

The generator power output may be calculated

P Ts PI a

- + a&(3" N-'-'5  + Pi c - 3355 watts (23)

where P - generator power wattsg

P a system power 1500 watts

To sun period 54 minutes

T h - shade period 36 minutes

N0  - DC-DC converter efficiency 84%

Nb - battery charging efficiency 77%

P - charging and auxiliary load control power 15 watts
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Circuit 2 Ps T1  PTh Is PTab (I'I)

P PS Tz+ P ashi Es I- PaTs LcU +Pe - 2878 wattsg T a Nb Ie Ts  Nb E Nd Ts

where

ES - system volts 27.5 volts

% - charging voltage 36.3 voltse

Na  - Unregulated DC-DC converter efficiency 83%

with current limiting

It can be seen that only the topping voltage (E - Es) is produced by the

DC-DC converter and that only this portion of the charging voltage is subject

to the losses associated with converter efficiency. Also, since the topping

voltage is used only in battery charging there is little concern over regula-

tion except in the gross sense, and there is no need for a filter network to

insure a quality DC output to the system. The system receives a nearly pure

DC from either the generator or batteries and in both cases the regulation

vill be very good with total load power held relatively constant.

Heat ReJection

The proper operation and life requirements of the batteries a:d associated

electronic control hardware is dependent upon the maintenance of a reasonable

temperature environment in space. Based on the charging efficiency of Sil-Cad

batteries of 77%, it can be shown that about 430 Btu/hr must be rejected to

prevent a temperature buildup in the batteries for each kilowatt of system

capacity. With a maxima operating temperature of lO0°F specified for Sil-Cad

batteriesp the heat rejection area required for direct radiant pover dissipation

can be estimated.

Q WOJ' Ar (T 4

A- -4

.9 x .T173

2.79 2



where

- Boltzmann Constant

= .9 emissivity

The surface area of a single battery case sized for a 1 KW system load is

calculated to be approximately 3.6 ft 2 . It follows that the heat can be

rejected satisfactorily by radiation alone. The above estimate neglects

added heat inputs from the sun and earth or the rest of the power or vehicle

system, but is still indicative of the ability of a storage system to operate

without recourse to an auxiliary heat rejection system. The surface area to

storage capacity ratio will also suffer as the size of the system increases

towards the 10 KW level, but it is not anticipated that a serious problem will

arise. Actualy, the vehicle frame and helionic system structure to which the

batteries are mounted can also be useful in rejecting excess heat.

The rejection of heat in the electronics packages is somewhat simplified because

the permissible operating environment is considerably higher than the 100F

specified for the batteries. The most critical electronic components are, of

course, the semiconductors used in the control on logic circuitry. The

specification of silicon components raises the operating temperatures to over

125 0C, thereby allowing a power dissipation at the rate of 123 watts per ft
2

with an emissivity of .9. It is quite certain that the nominal power require-

ments of the controls hardware will not present a problem. Again it should be

easily possible to maintain proper operatL ng temperatures by controlling

emissivity and radiation from the controls container or the vehicle from.

In both cases, however, a critical heat balance calculation will be required

for any proposed system to insure proper heat flux and freedom from localized
hot spots.



4.o PARAMETRIC DESIGN STUDY FOR SOLAR THERMIONIC POWER SYSTEMS IN

THE 1 TO 10 KW RANGE

System Design Philosophy

The basic objective of the solar thermionic system is to provide regulated

DC power to a load at 28 volts. The amount of power to be provided depends on

the load specified. This study investigates systems providing loads in the
1 to 10 KW range.

One of the design objectives has been specified as 10 per cent efficiency for

the system. Because of the difficulty of attaining this objective compared

with other objectives, it assumes the status of a guiding design criterion.

However, the effort to obtain efficiency must be tempered with the practical

consideration of system weight. Efficiency is not important from a fuel
consumption standpoint since the system is powered by solar energy, but it is
important from the standpoint of system size, both stowed and extended. Large
size has its disadvantages relative to stowage volume and vehicle inertia in
orbit. The optimum power system is somewhere between the maximum efficiency

system and the minimum weight system, the exact location depending on poorly
defined tradeoffs between weight and size. The problem of optimization is not
as serious as it might first appear since there is some mutual consistency in
.. educing both weight and size. The best approach appears to be to design for
maximum efficiency using lightweight materials and construction methods.

Since the thermionic converter is a low voltage device (about one volt), the
methods of obtaining line voltage must be considered. The alternatives are
(1) the use of a DC-DC converter to obtain the voltage, and (2) series

operation of a sufficient number of thermionic converters to obtain line

voltage. The power loss associated with static DC-DC conversion is quite
high, especially with low input voltages. The series operation, therefore,
is to be preferred from an efficiency standpoint and, for the reasons discussed
above, will be used wherever possible. Systems in the 1 to 10 KW range operating
at 10% efficiency in the specified orbit will require solar collection area of

128 to 1280 square feet. Precision solar concentrators of this size are beyond
the state-of-the-art.



Obtaining the required area with a folding concentrator is not feasible because

of the loss of precision associated with the folding mechanism. The solar

collection area may be obtained without loss of precision by dividing the area

between smaller stowable one-piece concentrators. This approach is consistent

with that of dividing the line voltage requirement between a multiplicity of

thermionic converters. Thus, the system will consist of modular generating

units, each module being composed of a precision solar concentrator and its

associated thermionic generator.

With the modular concept, the system design problem is one of choosing a

module size and an arrangement of modules which:

a) produce the required voltage

b) are readily stowed and deployed

c) are readily fabricated

d) can be adapted to various power levels in the

1 to 10 KW range with a minimum of change.

Figure 4.1 illustrates the functional block diagram which has been developed

for the parametric analysis of helionic power systems. The significant

input and output parameters of each of the system's functional parts are

indicated alongside the appropriate flow lines, while the significant desilg

parameters are indicated in each block. Figure 4.1 is followed by a list of

the equations used in the program and a nomenclature of the terms and defini-

tions used in the study.

Development of the system performance equations is straightforward. The

definition of component characteristics is based on a variety of assaptions

and data as sumarized in Section 3.0 of this report. Thus, the thermionic

converter characteristics were obtained by fitting laboratory test data to

empirical equations while the solar concentrator paramters result from rigidity

analyses, and the DC-to-DC static converter characteristics were defined by

fitting analytic curves through the best estimate available an the state of

the art for these devices. It is assued that no DC-to-DC converter would be

required if the sytem output voltage is in the range of 26 to 29 volts DC .

The battery charger charateristics were assumed to be similar to the static
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converter characteristics, since the charger would probably consist mainly of

a converter to attain the required voltage. The characteristics of silver-

cadmium storage batteries were obtained from the data available from programs

currently studying batteries for similar applications. Weight of the module

deployment structure is based on an analysis treating this structure as buss

bars.

One of the inputs to this program is tabular data of the solar power distribu-

tion in the solar concentrator focal plane. This data is obtained from a

separate modified pseudosun computer program developed for analysis of solar

concentrators. This program considers such effects as solar limb darkening,

concentrator misorientation, concentrator surface inaccuracies, and apparent

solar diameter, as was discussed in detail in Section 3.3.

The major input variables to the system parametric analysis program are the

solar concentrator diameter and rim angle, the number of thermionic converters

per module, and the system power output. Possible module interconnection

schemes could be examined for each combination of input variables.
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Solve equations (17) and up for each combination of Na

and N obtained from equations (12) to (16).
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4.2 System Selection Auxiliary Program

Data Input Subroutine

wF v i A ,Fv ,Fc

System performance parameters of each system ( W, 1, A, V, C)

Main Progrms
w

1 R - p Ma

2. R~g F4 J

A
max3. RA  a FA A

v

4. RV F Ma

5. R F F ax
a a C

6. R R. + R# + RA + +Re

Printout Subroutine

Performance rating for each system (R, RW, R., RA, V, RC)
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i&.3 Nomenclature

so Effective absorptivity of converter cavity

A Area occupied by deployed system (ft2 )

b Width and depth of concentrator support ring (ft)

C Overall cost of holionic power system

C atCost of final assembly and test of power system

Qb Cost of energy storage batteries

CeCost of battery charger

C d Cost of fabricating one thermioudc diode

CaCost of fabricating a diode converter subassZy

CoCost of electrical controlle

CL Cost of do -to -dostatic conver ter

On Cost of belionic module

C p Cost of parasitic load

C r Cost of fabricating solar concentrator

C sat Cost of structure, asse*3~ys and toesting for bellomie

module, subasse3~y

da, Diameter of converter cavity aperture 00t

D Diameter of solar concentrator (ft)

es Effeetive emissivity of converter cavity

IT



Ib Rated watt-hour output of storage batteries

f Focal length of solar concentrator (ft)

FA Performance weighting factor f or deployed area

Fo Performance weighting factor for system coet

F T Performance weighting factor for stowed volum

F Performance weighting factor for system weight
W,

7 Performance weighting factor for system reliability

I System load current

Im Helionic module current output

Kt Constant for cost of system assembly and testing

KA Deployment area space factor

Kbl Constant for cost of energy storage batteries

b2 Specific volume of storage batteries (ft 3/v-hr)

Ka1

K62  Constants for efficiency of battery charger

%3j

K4

K 05 tents for weight of battery charger

0o5
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I} 1Constants for cost of battery charger

K C Specific volume of battery charger (ft3/lb)

Kill
Y'.2 }oCnstants for efficiency of static converter

KO Ponstntsfor weight of static converter

1ij I Costente for coet of static converter
11i8.

Ki Specific volume of static converter (ft 3 /l.b)

10Ratio of weight of module deploymsnt arm to total

weight of heliomic modules

}au tants for weight of parasitic load

.0} ostante far cost of parasitic load

K Specific volume of parasitic load (ft 3 /v)
0S

Kr Specific cost of solar concentrator fabrication 4t'

Kest Constant for cost of helionic module structuval elemuatsq

asseably, and testing

le0



K, Constant for weight of system interoonneting cables (lb volts/v)

i 1  Stowage volume space factor

K Constant for thiclmess of solar concentrator

2 ntants for shading of solar concentrator

n Number of thermionic diodes per helionic module

N Number of helionic modules in system

N1  Ifinim. number of operating modules required

Np Number of modules connected in parallel

No Number of modules connected in series

P System output power (imtts)

Pb Power supplied to storage batteries (watts)

Pbo Iput power to battery charger (matte)

P 0 Focal plane power within cavity aperture (watts)

Pf Power available in solar concentrator focal plane (matte)

P, Power input to system static converter (watta)

% Pow output from a belionic module (matte)

P a Net thermal power available to bel io module

thermionicoonverter assembly (watts)



Pp Power dissipated in system parasitic load (vatts)

Pr Power radiated by radiator of helionic module thernionio

converter assembly (watts)

PR Power reradiated from cavity aperture (watt.)

Pt Power input to the helionic module thermal energ, storage

(if used) (watts)

R Weighted system performance rating

RA Weighted system deployment area rating

Re Weighted system cost ratiog

Ry Weighted system stowage volume rating

1N Weighted system weight rating

R, Weighted system reliability rating

3 Solar constant (vatts/ft2 )

t Time In am per orbital period (hours)

t Im in earth's umbra per orbital period (hours)

T Total mission duration (hours)

Te Thermiomic diode emitter teqierature (OK)

U System load voltae

9d Output voltage per thermiczic diode

lJ1 Input voltage to system static converter

Us Voltage output of slUomo odule

V Volume occupied by stwd system (ft 3 )

Vb  Volume of ev ,gy stoag batteries (t?)
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V Voluns of do - to - do static oonverter (ft 3 )

Vbo Volume of battery charger (ft 3 )

Veo Volume of electrical control (ft 3 )

VU Stowage volume of helionic module (ftt)

V Volume of parasitic load (ft')

v b Reciprocal of specific weight of batteries (v'lr/lb)

W d Specific weight of diode converter ubassembly (lb/v)

w v Specific weight of diode erection arm (lb/w-t)

v M Specific weight of module deployment arm ( Lb/ft3 )

w r Specific weight of solar concentrator (lb/ft3 )

v to Specific weight of diode converter thermal control (lb/ft2)

V Weight of system (lb)

Wb Weight of energy storage batteries (lb)

Wbe Weight of battery charger (lb)

WdV Weight of diode converter assemby (lb)

W" Weight of diode erection arm (lb)

Wo Weight of electrical controller (]b)

W, Weight of system static converter (ib)

W,, Weight of helionio module (ib)

W Weight of system parasitic load (lb)
p
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Wr  Weight of solar concentrator (ib)

Wto Weight of diode converter thermal control (ib)

Wv Weight of system interconnecting tables (ib)
V,

y Maximum number of failures which can be tolerated out of

y) a parallel combination of N p modules

9 Maxim depth of solar concentrator (ft)

ots Apparent solar diameter (radians)

#4 Overall system reliability

Ab Reliability of storage batteries

#be Reliability of battery charger

Jed Reliability of a thermionic diode

R e  Reliability of module erection

6L Reliability of system static converter

Ak Probability of having (N p-K) modulse out of a parallel

combination of NP modules working at end of mission

d m Reliability of a helionic module

jin Reliability of subsystem of interonnected beliomic modules

Reliability of system parasitic load

" Thickness of module solar conoentrator (ft)

Ratio of the sum of the energ outpmt* to system lOd and

parasitic load to the total solar energy Intercepted



10 Ratio of energy output to the system load to the total sola

energy intercepted

b Charge-discharge efficiency of storage batteries

be Efficiency of battery charger

bd Storage battery discharge depth

d Efficiency of therio i diode

) Efficiency of system static eovertw

Inu Efficiency of helianic module

r Reflectivity of solar concentrator

ire Collector-cavity efficiency

7V Fraction of solar concentrator not shaded

On Rim angle of solar concentrator

/A Poisson's ratio

.1 Resistivity of module deployment arm (Ohm ft)

tz Probability of having x failures out of a parallel

eeeination of N modulesp

71 The constant 3.129. ..

U'" 5The Stefan - Doltsdann cowtant

(5.2698 z o )



46a Maxmn solar concentrator orientation error

br M angular surface deviation on solar concentrator

NOTAUCKN

n3. [z] Tb. next Integer value greater than x if x is non-integer;

x if x Is Integer

ne [x] The next integer value smaller than x if x is non-integar

x if x is Integer

Xax Tw ai m value for z

3 dn TIe muliwum value for x



4.4 Discussion of Results

Subsequent runs made with the program quickly indicated several limitations

on state-of-the-art helionic systems, and also suggested a reduction in the

scope of the study. In many areas such as reliability or system costthe

results could be considered meaningless if not misleading. It was immediately

apparent that no satisfactory information regarding these areas was available

and the consequence of assumptions made could be completely unrealistic. Also,

the great number of conditions and combinations possible with the program

described made the costs of pursuing the program prohibitive in terms of

computer time required. The preliminary runs did indicate that most of the

extensive programming anticipated would not contribute meaningfully to the

understanding of the state-of-the-art in solar thermionic systems.

Practical considerations such as the maximum attainable diameter in state-of-

the-art concentrators, minimum sizes for thermionic converter or generator

assemblies, and the structural complications of trying to utilize or deploy

large numbers of smaller modular assemblies help to define the limits for

helionic systems. The practical range for systems for orbital applications

would seem to be for power ranges of from 200 watts to 3000 watts. It is also

shown in Figures 4.2 and 4.3 that for a power requirement (in this case 1.5 KW)

the cost is almost directly proportional to the number of modules usedregard-

less of concentrator diameter. Alsothe spread of points shown in Figure 4.2

indicates the limited variation which results from different series-parallel

combinations on weight. In general, the effect on weight is sufficiently small

to disregard this factor and specify systems designs based on the most efficient

structural arrangement. The weight of the system is also shown to be directly

proportional to the number of modules. The diameter of the module does in this

case make a significant difference, however. The best results for most systems

are obtained with concentrators of 3 to 6 feet in diameter which fortunately

lies within the state-of-the-art in concentrator fabrication capabilities.

With the size limitation of 200 to 3000 watts dictated by practical structural

consideration and the relative insensitivity of the systems to various stack-up

ar ets, a 1.0 or 1.5 K system design can be considered typical of anl

practical helionic systems. The support and deployment arrangements may vary

with the power level, but the weights, costs and overall efficiencies will

retain nearly the saw relation to the specified power level. Figure 4.4
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also shows the typical relation between overall efficiency and the number of

modules. Again, the best performance is observed with the minimum number of

modules possible. The optimum size for the concentrators is close to 5 feet.

Utilizing a structure similar to those shown in Figures 3.6.4 and 3.6.5, or

variation of these with approximately the same structural weight to power

ratios, a summary of the parametric evaluation -s applies to a 1.5 KW prototype

system can be carried out. The complete orbital power system will include:

(1) orientation systems to keep the generators aligned with the sun,

(2) batteries to store energy for use during the shaded portion of the orbit,

(3) power regulators for both the battery and the system load, and (4) a

system for deploying the generators from their vehicle.

These figures show two methods by which the generators might be extended from

a vehicle. Each concentrator is held by a ring which is supported by a yoke.

The yoke is attached to the extension arm through a gimbal arrangement which

allows the concentrator to pivot about its focal point. The concentrator is

then aligned with the sun by bimetallic elements which become heated when the

concentrator is misaimed. A developmental model of such an orienting device

called a heliotropic mount was shown in Figure 3.4.4. The absorber containing

the thermionic converters is fixed to the extension arm at the focal point of

the concentrator.

Solar Concentrator Optical Performance

When a solar concentrator is aimed at the sun, the solar energy intercepted

will be focused near the focal point of the concentrator. Stated in optical

terms, qn image of the sun will be formed in the focal plane. The distribution

of the solar energy about the focal point is dependent on the following:

1. Intensity distribution of the solar disc.

2. Surface finish of the concentrator.

3. Reflectivity of the concentrator.

4. Aperture ratio (diameter: focal length).

5. Geometric accuracy of the concentrator.

6. Aiming accuracy of the concentrator.
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7. Size of the concentrator.

The intensity distribution of the solar disc is shown in Figure 4.5. When

the sun is reflected from a polished surface, the intensity distribution is

modified by the imperfections in the surface and is decreased by absorption

by the reflecting surface. The modified intensity distribution we call the
"psuedosun intensity distribution." (Refer to Section 3.3, Figure 3.3.4)

Figure 4.5 shows this distribution for a polished aluminum surface. The

intensity shown has been scaled up to exclude reflectivity effects.

The effect of aiming errors is to displace and distort the flux profile. The

displacement is the product of the angular aiming error and the focal distance

and the distortion is negligible for errors up to about one solar diameter

(00 -32'). (See Section 3.3, Figures 3.3.5 through 3.3.8).

Geometric inaccuracies may be expected to be present in any lightweight solar

concentrator. These inaccuracies will be manifested as surface ripples or as

a gross distortion of the concentrator, and they will cause the image to be

spread and less intense.

Solar Concentrator Weight

The weight of the solar concentrator and its support structure was treated in

detail in Section 3.3 where it was shown that the concentrator shell weight is

proportional to the surface slope error 0 to the minus 2/3 power (0 -2/3) and
the support ring weight is proportioned to 0.7

Test of a five foot diameter electroformed nickel concentrator with a thickness

of 0.020 inch and a rim angle of sixty degrees, shAs an image spread corres-

ponding to an effective surface slope error of 2.7 minutes. Using this

informtion, the proportionality constant, K - 0 ER/ 3 (see Section 3.3) w-s
determined to be 10,000 min-lb/in. The optimum concentrator weights were

then calculated and the P/W curve shown in Figure 4.6 was obtained. The

thicknesses for a five foot, sixty-degree concentrator are also shown.

Solar Absorber

For a cavity-type absorber, the absorptivity is dependent on the surface
absorptivity and the number of reflections ct the incoming rays before they
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leave through the aperture. The number of reflections is dependent on the

obliqueness of the incoming rays and the shape of the cavity. Calculations

have shown that a cavity absorptivity of 93% can be achieved with a cavity

having a diameter or width equal to the depth and a surface absorptivity of

45%, when used with a 600 rim angle concentrator.

The emissivity of a cavity is a function of the surface emissivity and the

cavity shape. The shape parameters generally used are the depth, aperture

ratio and the surface area, aperture area ratio. For a typical square cavity

having a surface emissivity of 23%, the cavity emissivity is 75% (see

Section 3.2).

Solar Concentrator - Absorber Combination

The object of the design of the solar concentrator-absorber combination is to

make available to the thermionic converters a maximu amount of power at a

minimum penalty. The associated penalty is a combination of several factors:

weight, extended area, stowage volume, cost, and reliability. Since the

concentrators constitute a large share of the mass of the power system and

since area and volume are closely linked to weight, a weight optimization will

produce a system with near minimum penalty. Reliability will not be compromised

in minimizing weight.

Maximum power will be delivered to the absorber when the radius of the absorber

aperture is that radius at which the reradiated flux equals the absorbed flux.

However, the power delivered is not very sensitive to changes in aperture

radius or concentrator rim angle when the optimum radius is near three solar

image radii or greateras Is usually the case. Therefore, in order to simplify

the analysis, it has been assumed that the optimum radius is three times the

product of the solar half-angle (.00465 rad.) and the concentrator radius, and

96% of the focused power passes through this radius.

The above power considerations apply to a rigid concentrator perfectly aimed.

When there is an aiming error, the aperture radius must be increased to accom-

modate the displaced image. As the concentrator is made thinner, surface slope

errors increase,causing a spread of the solar image and requiring a larger

cavity aperture. This spread may be assumed to be equivalent to increasing
the angular radius of the pseudosun by an amount 2 0 where 0 is the surface



slope error. The aperture radium is then:

rA 3 r (- + 20) + f t(24)
A c 2

where r misorientation angle
f - focal length

r. concentrator radius

0< - solar half-angle

since f a r
c

The area, ratio Is then

+ 6 0 +J (25)

Power delivered to the absorber is then

P - q(*aA 0 c C T 4Aa (26)

where q - molar flux constant

e - concentrator reflectivity
a - absorber absorptivity

= absorber emissivity

P qf a - aT4 3 ( + 6 0 +/2 (2T)
c2

Assuming 2
V W

r 1[K (8
c
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P
Maximizing W yields

2 '9a + r ;6 c a '.5 (30)
48 [V z-0 VT 4 ( I (+y)2  J

Thus, the concentrator thickness which gives maximum thermal power per pound

is that which limits the surface slope error to the optimum.

Figure 4.6 shows optimum 0 as a function of T for the case where:

q = 0.14 watts/sq. cm.

P-- 0.90

a - .935

- .753

= 32' .0093 rad.

= 6' = .00175 rad.

Thermionic Converter

The thermionic converter characteristics must be determined so that they may

be examined in combination with the concentrator and the absorber to determine

the optimum operating conditions. The characteristics have been obtained by
fitting laboratory test data to empirical equations.

Since power output follows closely the emission capabilities of the thermionic

cathode, an equation of the form Pc n K3 I T2( _K2x11,60 was fitted

to the test data. This is the form of the Richardson emission equation. For

the converter tested, with all parameters optimized except temperature,

K2  = 1, K3 - .009,and K3, of course, depends on converter size.

5/2
For the input power, an equation of the form Pi - K4 Pc + K T was

fitted to the test data. The T5/2 term is the form of the solution to the
combined radiation-conduction problem. It also closely represents the case

of parallel radiation and conduction when the two are nearly equal. Analyses

19?



of conditions in the converter have shown that this is usually the case. The

results of the curve fit yielded K 4  = 3 and K5  - 3.45 x 10- 6

Then efficiency may be expressed as

P PN 0
Nt 3P + 3.5x :6T 5/2  (31)

1

3.45 x l0 6 T5/ 2

.009 T2 exp (-11,600/T)

N -= (32)
3 + 3.73 x 10 " V exp (ll,600/T)

This relation is shown in Figure 4.7.

Generator Module

By multiplying the thermal power plotted in Figure 4.5 by the thermionic

conversion efficiency, a plot of power output as a function of temperature

may be obtained as shown in Figure 4.7. Note the maximum power per solqr

concentrator pound occurs at a temperature of about 21000 K. Efficiency can

be increased at higher temperatures but system weight will go up. Also, the

maxizmu power obtainable at 20000 K, which is considered realistic in terms of

life requirements, is only slightly below the optimum. This lower operating

temperature is therefore selected for the design.

Conclusion

Results obtained from the parametric design study, vor ious solar concentrator

development programs, as well as the extensive thermionic generator performance

tests carried out under this program, have been evaluated. Where minimum

system weight is the design criteria, system weights of the order of 410 pounds

per kilowatt of continuous power for a 90 minute orbital application can be

achieved with current state-of-the-art components.

l's
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Solar concentrator weight reductions, which could result from current efforts

to develop high precision aluminum concentrators, as well as the attainment of

higher cavity absorber and thermionic converter efficiencies which should result

from many current development efforts will permit a reduction in the specific

weight.

The Appendix of this report presents a detailed design of a 1.5 KW continuous

power solar thermionic system based on the evaluation of all study and test

results acquired during the conduct of this program.
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APPENDIX

DESIGN AND TEST SPECIFICATION FOR

1.5 KW SOLAR THERMIONIC POWER SYSTEM

Introduction

The 1.5 kw thermionic power system specified for a one year orbital application

represents a careful integration of many concepts and state-of-the-art components.

The system is somewhat larger than estimates made early in this program would

have indicated but it is still very competitive with all other auxiliary power

systems suitable for the prescribed application. Also the design presented is

quite flexible in that it can easily be modified to provide many other power

or voltage requirements with only minor changes within the system. The system
as specified actually has the capability of supplying from zero to 4.5 kw of
power under certain circumstances as well as the continuous 1.5 kw used as the

nominal design level. All of the components and structures presented in the
system are felt to be realistic in all respects. The weights and efficiencies
attributed to components such as the solar concentrators or thermionic generators

may not be as optimistic as other studies would indicate, but all such components
have been tested and proven beyond a reasonable doubt to be capable of fulfilling
the needs of this system.

The reliability of such a system is still subject to question. None of the major
components has actually been tested under the conditions or for the time speci-
fied for this application. All components do repr sent a considerable Improve-

ment over hardware available at the time this program was initiated. Life test
programs and environmental test programs of many sorts are currently being
conducted to determine component capabilities and reliability. With the progress
made to date in the state-of-the-art in various component areas as a guide it
seem quite reasonable that all components specified for this system can be
fully qualified In a reasonable time span.

System Description
7he overall system is shown in block diagram form in Figure 1, and in the systa
layout Figure 2. The basic system is made up by a structural support and deploy-
ment system, a modular assembly constituted by a generator and solar concentrator
assembly, and controls and power distribution system. The entire array can be
stowed within a vehicle volume 9 feet in diamter and 16 feet high. on system
in shown in the stowed and deployed positions in Figure 2.

201



202



1

.5KW SOAR T$IM 0 N SYSE LAYOUT

IL



KW SOLAR THERMIONIC SEM LAYOUT

^&No Ls

/Im WW

Fig. 2
203



The operational sequence of the system is described as follows.

1. With the vehicle in orbit and sun oriented within 5 degrees the

nose cone is jettisoned.

2. Upon radio or timer command the explosive head of the support

tube assemblies are fired and the extension drive motors activated.

3. The extension drive motors pay out cable at a controlled rate.

The extension springs located at each hinge point between the

conductor struts and buss channel are graduated in stiffness to

insure the outer most buss section is completely deployed before
the following section begins to move.

4. As each buss section reaches the fully extended position a second

cable, fastened to the conductor struts and fed through the buss

structure, is placed in tension and extracts the clips holding the

bucket handle and generator assembly secured to the support pin

and bracket assembly on each concentrator rim.

5. The actuator spring located e. the hinge point between the bucket

handle and the hinge bracket causes the concentrator assembly to

slowly rotate until it arrives at a point 90" removed irom tl*

stowed position. The disc-type viscous dampers mounted on the

shaft assembly provide a control of the rate at which the

concentrator rotates into position. This damper assembly is

charged with a heavy high-vacuum grease capable of withstanding

hard vacuum and extremes in temperature for long periods if

necessary. Also the eventual loss of part or all of this grease

will not subsequently affect the system.

6. Upon reaching the erect position, 90* removed from the supported

position, the bucket handle is locked into place on the concentrator

rim by a simple spring latch and stop assembly. This places the

focal point of the concentrator within the area controlled by the

heliotropic mounts on the generator assembly, assuming the initial

5* orientation is held by the vehicle.

7. The extension motors release cable until all modules and structures

are in their proper position. The cables that release the module

concentrators also serve as a stop to limit the extension of each

buss section. (It is also possible with some modifications to
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restow the entire structure in space by rewindine the cables, should

such a feature be necessary).

8. The support tube assembly is Jettisoned, section by sectionp as the

buss section is extended. The wire tension member will whip each

tubular section away from the vehicle as it is retracted in the

extension process.

9. In the deployed position the modules will generate power during

the sun portion of the orbital cycle to supply the vehicle system

load, the battery load, and the control power requirements.

10. During full system load requirements the system will receive 1.5 kv.

The batteries will be charged at a rate of 1o to 41 amps as determined

by the current -imiting character of the DC-DC converter charge

control. The charge control will also disconnect the battery bank

when the charge level, as indicated by the terminal voltage, reaches

full charge. The auxiliary load bank will automatically cut in

sufficient load to utilize the output of the thermionic generators

and to maintain the voltage supplied to the vehicle system near the

28 volt level. If the vehicle should demand more than 1.5 kw the

line voltage would drop. This would completely cut off the auxiliary

load and if this were not sufficient and the voltage level drops to

below the minimum 26 volt specification the battery load bank will be

cut in to supplement the system generators. A total-of nearly

4.5 kv can be delivered for a short period in this manner.

11. During the shade portion of the orbital cycle the generators will

cool. As the generator output drops off the auxiliary load,if

activated~vill be automatically reduced to help maintain system

voltage. The charge control will also sense the decline in

generator output and switch the batteries to the vehicle load.

Initially the auxiliary load may be activated and absorb large

amounts of power. This is due to the high initial discharge voltage

characteristics of the battery. As this excess in battery potential

declines the auxiliary load will be cut off and the batteries will

provide a constant 27.5 volts throughout the balance of the discharge

cycle. The battery bank will also provide a small amount of control

power and cesium reservoir heater power throughout the shade

portion of the cycle.
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The basic building block for the system is the modular assembly shown in

Figure 3. By altering the size and number of modules used. a vide variety

of power outputs can be obtained over a range of from 100 to 3000 watts

at voltages from 0.6 volts to 144 volts or more. Figure 2 illustrates the
ease with which additional modules can be added to the system. Two sections
or six additional modules are shown attached to the 1.5 kv system (18 modules).

The module consists of a generator assembly, a concentrator assembly, and the

associated support or erection structure.

The concentrator assembly consists of a precise parabolic electroformed nickel

shell mounted to a nickel torus and fitted with support brackets and hinge

brackets. This assembly is formed by the use of blind rivets and epoxy adhesives.

Other techniques for producing such an assembly have been used successfully but

the complications and cost involved with techniques such as the integral electro-

forming of support ring and concentrator shell are not Justified.

The generator assembly is shown in detail in Figure 4. The basic converter

structure shown in Section G-G is identical to the configuration used In the
cubical cavity assembly discussed in this report. The emitter structure has

been modified to provide a more efficient cavity geometry. The radiator also

has been changed to obtain a geometry which is felt to be a considerable

simplification over the cubical cavity geometry. The block into which the

converters are inserted and the methods of mounting are also an improvement

over the cubical cavity arrangement. The heliotropic mount assembly Is made

to fasten directly to the generator block.

The advantages of this generator configuration are summarized as follows:

1. Larger cavity-to-aperture area.

2. All converters are identical.

3. Cavity aperture actually formed by emitters.

4. Radiator geometry simplified.

5. Converter mounting and interconnection simplified.

6. Effective emitter area to cavity area ratio is large.

7. Internal flux distribution is more uniform with no bottom converter.

8. Shielding against radiant heat loss is improved:

9. Cavity block configuration more suitable for mounting.
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10. Cavity block easily integrated with heliotropic mount.

11. Assembly is lighter in weight.

12. The converter configuration has been proven most reliable under

test and has demonstrated satifactory performance capabilities.

The other structures associated with the module may be altered as required by

the vehicle system for any specified power level. For the 1.5 kv system the

scissors or folding gate type structure seems particularly suitable. The

structure is simple, keeps the number of parts required to a minimum, permits

easy electrical interconnection and is strong and stable. The size of the

system modules and other members is such as to permit easy handling and

assembly. The nature of the assembly would also make the Interchanging or

substitution of components or modules an easy matter.

The frame structure which permits the helionic array to be assembled to the

vehicle is shown in Figure 5. A simple rigid "A" frame structure formed of

aluminum angle and tubular sections is used. The corner angle pieces serve

as the support members for all the modular assemblies during launch. The

supporting action is accomplished by the tubular columns formed by rigidizing

the short sections of support tube with an internal tensile member.

The deployment structure which also serves as the electrical conductors for

the generator outputs is shown in Figure 6. The "C" channels are fastened back

to back with suitable insulator fastener assemblies. The generator output from

each three-module section is fed to these channel busses, one of which is

positive and the other negative. The entire section assembly is fastened tc

adjacent sections by the conductor struts which are used to carry the generator

outputs by proper use of jumper cables and insulator inserts. The struts are

hinged to the section channels to permit extension of the sections due to the

force applied at the hinge points by the extension springs.

The control circuitry provided for the system is shown in Figures 7, 8 and 9.
The current limited DC-DC converter schematic Is shown In Figure 7. Mhis
control provides a variable topping voltage necessary to give a charge current
of approximately i smperes.

Using all silicon components as shown in the parts list, dissipations and

efficiency for the current limited converter are as follow:
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Output power (12 v at 41A) 492 watts

Output rectifier loss (from data sheet) 30 watts

Current sense loss 10 watts

Output transformer loss 20 watts

Power transistor loss 50 watts

Logic power 25 watts
Total input power -M watts

SPou 492

Replacing the silicon 2M212 4 with germanium 212159 power transistors increases

the efficiency as follows:

Output power 492 watts

Output rectifier loss 30 watts

Current sense loss 10 watts

Output transformer loss 20 watts

Power transistor loss 10 watts

Logic power 25 watts
Total input power -387 watts

P - OUT a 49 =.83.8%

Using germanium power transistors means the transistor studs must be kept to

about 90"C which means a heat sink temperature of about 70*C maximum. With

the silicon power transistors the transistor studs must be kept to about 145*C

or a heat sink temperature of about 125"C.

Preliminary calculations indicate the use of germanium components is reasonable

because the necessary heat dissipation can be managed by direct radiation from

the controls housing.

The auxiliary load control and sensing circuitry is shown in Figure 8. The

sensing circuitry is simple and yet very reliable and stable. The circuit can

be adjusted to sample load voltage over a frequency range of from one cycle

per several seconds to 30 cycles per second. The upper limit on the sampling

rate is determined by the response of the switching or stepping motor. A
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relatively low cycle rate can be tolerated because of the large thermal

capacity of the generators which will prevent any step-type transients due to

system load variations. This lower cyclic rate should help insure the ability

of the stepper switch to meet the one-year operational life requirements of

the system. The gain of this control can easily be varied but will be adjusted

to apply or remove load in the range of from zero to 3 kw with a voltage

variation between 27 and 28 volts d.c.

The logic and buss circuitry which controls system operation and power distribu-

tion is shown in Figure 9. The logic circuits employ simple contactor controls

and zener diode referenced relays to affect proper operation of the system.

The flow of current in SRC due to generator output causes contactor CA to apply

the generator output to the system load. Contactor C B is also de-energized

disconnecting the battery buss from the system load. In the event the system

load voltage is too low, as it may be during generator warmup, relay 3 E is

de-energized,thereby energizing contactor CC whichagain applies the battery

buss to the system through contacts C C. As the batteries reach a full charge

.condition relay S D cuts out contactor CD which removes the battery from the

charging circuit. The battery would then remain on standby until either the

generator output or the system buss voltage drops sufficiently to contacts

CB1 or C C and again apply the battery bank to the system buss. The auxiliary

load bank functions continuously to maintain system load voltage between the

operating point of relay SrS and an upper system voltage of 29 volts.

A preliminary parts list for all control components is shown in Table I. A

complete control housing is shown in Figure 10. This housing is hermetically

sealed and the package charged with dry nitrogen. An estimate of total

controller weight is 22 pounds.
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TABLE I

Preliminar Parts List

Symbol Vendor Part No. Specification

System Source Control

Z5, 7  Motorola 4 - 1N751 Selected MIL-S-19500/127
Z6  Motorola 7 - IN751 Selected MIL-S-19500/127

SOD,E Couch 3 - 2R25A370-B MIL-P-5757
CA,B,C,D H 3 - A770FA mIL-R-6106
R4 Corning 4 - l0D.RD6o NIL-R-II80O, Char P

C2  Electron 2 - WE4-564 MnIL-C-18312

C3  Electron 2 - MEI-105 NIL-C-18312

system Voltay Control

SWI  Ledex 1 - 215052 Special NIL-E-5272

1  Corning 2 - 22K. D6 MIL-R-1180a., Char P

R2  Corning 2 - 2200RD60 MIL-R-1180I, Char P

C3 Corning 1 - lOKm6o NL-F-n8o, Char P

R4 Corning 2 - 1OA FD60 mIL-i-1180a, Char P
C. Sprague 2 - .43PNM4 NIL-C-25
C2  Electron 2 - WE4-564 mIL-C-18312

SA,B Couch 2 - 2R25A390-B NIL-R-5757
T1  Oeneral Electric 2 - 21489 MIL-T-19500/75

PI Bourns I - 2245-1-103 2K MIL-E-5272, Std-202A

P2Bourns 1 - 2245-1-103 2KIL NIL-E-5272, Std-202A
Z, Mtorola 2 - IN751 NIL-S-19500/127
Z2  Motorola 2 - IN753, IN746 NIL-S-19500/127
z3  Mtorola 4 - Xl51 Selected NIL-S-19500/127
z Motorola 5 - 31N751 NIL-S-19500/127
R Corning 1 - 2KARD6o MIL-R-1180, Chbr P
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TABLE I (Cont'd)

Preliminary Parts List

Symbol Vendor Part No. Specification _

Current Limited Converter

R, Corning 1 - 560A RD6o ML-R-11804, Char P

R2,18 Corning 2 - 229 RD60 NmL-R-1180, Char P
R3  Corning 1 - lOKFlD60 ML-R-118 4, Char P

R4,13 Corning 2 - 3301LED60 MIL-R-11801 , Char P
R5, 8  Corning 2 - 1.8KARD60 MIL-R-180n4, char P

"6 ,9  Corning 2 - 4.7K9,Rr6O MIL-R-180&, Char P

R7,10 Corning 2 - 681 RD60 MIL-R-1180*, Char P

R11 Corning 1 - 2.7=W RD6O NIL-R-l80ISO, Char P

R12 Corning 1 - 1.5Kxt RD6o MnIL-B-I8O, Char P

RI1,1 5  Corning 1 - 3911 RD6D MIL-R-U8IO, Char P

R16  Dale 1 - .00641 EE25 Special mL-R-18546

R17 Dale 1 - 1.OAt REIO MIL-R-18546

R19 Dale 1 - 5.of pE5 xrL-R-185 6

CI  General Electric 1 - 29F1623 NIL-C-3965

C2  General Electric 1 - 29F1091 MIL-C-3965

lE,2,3,4 HCA 4 - 2m86 SCL-7002/4A

Q5,6 Westinoue 2 - 2N2124 Ne

Motorola 2 - 2112159 Alt

Di),2m3, Transitron 7 - 1158A MIL-E-1/1027

4i,5,6,14

£l,2 Motorola 2 - lN3034B MIL-S-19500/115A

Z3  Motorola 1 - IN938B NIL-S-195CO/156

Z4Motorola 1 - 1112980 IL-8-19500/121

D7 , 8  International 2 - 153 ML-E-1/102a

D9,10 Genral Electric 2 - 1N3289 Nov
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System Design Calations

1. Vehicle System RequAirenents 1,.500 watts
2. Battery Storage Requirements

a. System pover(1500 watts x 36 minutes) 54,000 vatt-mn
b. Cesium heater pover(2 watts x 90 x 35 minutes) 6,300 watt-in
c. Control power(15 watts x 36 minutes) 510 watt-n
d. Battery discbarge loss 6 volts x 54 sp x 8 minutes 2_590 watt-mn

Total 63,.30 watt-min
Battery Charge Efficiency - 77%
., Total Battery Storage Power 82,1.00 vatt-mm

3. DC-DC Converter - Limiter Loss

12 volts x 10 sop x 54 Minutes - - 4,100 vatt-in

where N. - converter efficiency - 83.7%

4. Generator Powr Requiremnts
a. System power 1,500 watts

power - 00 watt-mLn
b. Sin o1,525 watts
c. Converter limiter loss - -100 watt-min 76 watts

Smin

d. Control poer 15 watts

Total 3,116 watts

System ARia Specifications
lNmber of modules 18
limber of converters 90
System voltagp (6 generators in series) 27.5 volts
System current (3 generators in paras el) 113 am
Generator current 37.7 aps
Generator volts (5 converters in series) 1.58 volt
Converter volts .918 volts
Eitter are at 8 atts/cm2  4.33 c 2
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Ideal generator efficiency 15 11% at 2000OX for 3.5 volts output. Operation
at I4.58 volts will reduce efficiency to 10.5%.,

3n16
Total system thermal power requirement 185 29,.600 watts

For a 2000*K cavity temperature, cavity absorber efficiency will be 75%.

Total cavity Input power requirement 2 6o 39,500 watts

Concentrator reflectivity is 89%.

Concentrator area Is 3950 18.9 ft?

Shadov area Is .6 Wt.

,,. Total concentrator area, w 19.5 f

Concentrator dimeter - Ii.98 ft.

System Weight (1.5 IKW SYstem)
A complete breakdown of the cczponents~sssemblies and subassemblies is given
In Table II. Tb. com~bined weight for the system, subassemblies, and components
Is summarized in this table. Also shown is the number of components of a type
required and vbere applicable the materials used, and the volume and unit weights
of these components.
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1.5 KW DESIGN AND TEST SPECIFICATION

1.0 SYSTEM AND COMPONENT SPECIFICATIONS

1.1 System Performance

1.1.1 Power Output

The system shall be capable of producing a useful electrical power

output which may be varied continuously or in discrete steps in the

range from 0 watts to 1500 watts, when used in earth satellite

vehicles. A continuous power output capability of 1.5 KW shall be

required. Battery storage will be utilized to provide power during

shade periods.

1.1.2 Regulation

The voltage shall be regulated at 27.5 volts and shall be maintained

within - 1-1/2 volts from 0 to full load. An automatically adjustable

impedance load will be used in parallel with the useful load to

insure constancy of total load on the power system.

1.1.3 Operating Life

The system shall be developed ultimately to attain a reliability of

at least 95% for mission durations of one year.

1.1.4 Launch Power Requirements

No power will be required during launch. The system shall start

within five minutes after reaching orbit, which shall occur from

five minutes to six hours after launch, and course orientation of

the vehicle toward the sun within - 5 degrees.

1.2. Environmental Conditions

1.2.1 Launch Conditions

The power system when packaged within a vehicle shall be capable of

withstanding the following environmental conditions before and

during launch:

1.2.1.1 Temperatures ranging from 0°F to 200F.
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1.2.1.2 Pressures ranging from 1 atmosphere to 0.

1.2.1.3 Relative humidity ranging from 0% to 100%.

1.2.1.4 Maximum acceleration of 10 g's along the longitudinal axis

and 1 g along any lateral axis of the vehicle.

1.2.1.5 Vibration for a period of 10 minutes within the range of 20

to 2000 cps with 0.050 inch double amplitude of vibration.

1.2.2 Space Conditions

After injection into any earth satellite orbit above 300 nautical miles,

the power system shall be capable of unfolding, and upon being properly

orientated toward the sun, operating for one year under the following

conditions:

Adequate energy storage shall be provided for any circular earth

satellite orbit having orbital sun-shade periods of 55 and 35

minutes, respectively.

1.2.2.1 Zero-absolute pressure.

1.2.2.2 Linear accelerations up to 10- 3 g continuously in any direction.

1.2.2.3 Angular accelerations of up to 1 degree/sec2 and angular rotation

rates up to 10 degrees/sec about any axis for periods of up to

5 minutes each. Angular orientation will be required to be

performed without folding the solar concentrators. System

operation during such maneuvers is not required.

1.2.2.4 Zero gravity during the operating life.

1.2.2.5 Meteor bombardment, Van Allen radiation, and cosmic radiation

consistent with the latest scientific data.

1.2.2.6 Vehicle orientation toward the sun within t 5 degrees.
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1.3 Vehicle Compatibility

The following disturbing effects of the power system upon a representative

space vehicle weighing from 2000 to 30,000 pounds shall be considered in

the design of the system.

1.3.1 Vibration

The power system shall not impart to the vehicle support points any

vibration disturbances with double amplitudes greater than 0.0001 inch

when the vibration is unrestrained. In addition, instantaneous

accelerations at the support points shall be less than 0.01 g at any

frequency when the vibration is unrestrained.

1.3.2 Torque

Any torque resulting from moving parts within the power system shall

be eliminated to the maximum extent practicable.

1.3.3 Electrical Interference

The electrical interference caused by the system shall be minimized.

1.3.4 Switching Transients

The power system shall be designed so that instantaneous values of
surge current equal to twice the nominal maximum current can be

tolerated without impairment of the system performance.

1.3.5 System Weight

The power system weight shall not exceed 700 pounds including
battery storage system.

1.3.6 Volume

The power system in launch configuration shall fit within a volume

which is a cylinder 9 feet 6 inches in diameter, 16 feet high,

topped by a right circular cone of 15 half angle. No reliance

shall be placed on an external nose fairing for mechanical support

of the power system.

22?



2.0 COMPONENT SPECIFICATIONS

The components of the power system shall meet the following specifications

during and after exposure to the environmental reliability and endurance

tests specified in paragraph 3.0.

2.1 Thermionic Generator Assembly

2.1.1 Power Output

Power output shall be 173 wqtts t 5 % at a nominal voltage of

4.58 volts and current of 37.7 amps.

Power output shall reach 85% of the design value within one

minute of application of full solar input power. Full power

shall be attained within four minutes of startup.

2.1.2 Operating Life

Operating life of the generator shall be one year with a

minimum of 5840 operational sun-shade cycles. Performance

deterioration over the one year period shall not exceed 5%.

2.1.3 Cavity Absorber Efficiency

The cavity geometry of the generator shall be such as to

accept at least 95% of all available flux with the concentrator

misaligned up to six minutes. The cavity absorber efficiency

including misalignment effects shall be at least 75% at the

design operating temperature of 20000K.

2.1.4 Generator Weight

Generator weight shall be kept to a minimum consistent with good

design practice and shall not exceed 6.1 pounds.

2.1.5 Generator Components

The generator assembly shall contain five identical thermionic

converters mounted in nickel block. The converters shall be

shielded against heat loss along the emitter support section

and through the bottom of the block assembly with polished

moly shields. The spacing between adjacent converters shall
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be such as to limit direct flux leakage from the cavity to

3% assuming the openings functiai as black body absorbers.

2.1.6 Generator Efficiency

The overall generator conversion efficiency exclusive of the

cavity absorber efficiency shall be not less than 10.5% at

2000°K.

2.2 Heliotropic Mount

The generator shall be fitted with a heliotropic mount mechanism

to assist in controlling concentrator alignment to within t 6

minutes in the face of t 5 degree vehicle attitude variations

relative to the sun.

2.2.1 Heliotropic Sensor Design

The mount sensors shall be designed with a minimum gain of

50 degrees per degree. The sensors shall at the same time

be sufficiently stiff as to insure proper direction of the

concentrator mass in the face of the perturbation noted in

Section 1.2.2.

2.2.2 Mount Structure

The mount structure shall be designed to operate satisfactorily

in the thermal and space environment for one year. The mount

sensor and other structures shall be designed or shielded against

possible burnout even under conditions of persistent misorientation

with the concentrated energy of the collector striking the mount.

2.2.3 Mount Response

The response of the mount must be designed to insure maintaining

the concentrator orientation without introducing overshoots or

other system instabilities due to phase shifts in the modular

system.

2.2.4 Mount Weight

The mount assembly shall be of minimum weight and not exceed

.4 pounds.
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2.2.5 Mount Power Requirements

The power intercepted by the mount shall not exceed 1% of the

total intercepted flux for a full 5 degree vehicle misorientation

under steady state conditions.

2.3 Thermionic Converters

2.3.1 Thermionic Converter Power Output

The converters shall produce a power output of 34.6 watts
t 5% at a nominal voltage of .918 volts and current of

37.7 amps.

2.3.2 Converter Power Density

The power density at 20000K shall be not less than 8 watts/cm2

2 + 2haitter area shall be 4.32 cm - .05 cm. Emitter to collector

spacing .002 inches t .0005.

2.3.3 Converter Operating Temperatures

Emitter operating temperature 1975°K 25°K

Collector operating temperature 9500K 25°K

Cesium reservoir temperature 6240K - 50K

Radiator temperature 8500 K + 250 K

2.3.4 Principal Converter Surface Emissivities

Emitter cavity surface emissivity .6

Radiator surface emissivity .78

Interior emitter emissivity .24

Collector emissivity .15

2.3.5 Principal Converter Materials

Converter materials shall be of the highest possible quality.

Emitter material - tantalum

Collector material - moly

Radiator material - copper

Reservoir material - copper
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2.3.6 Cesium Reservoir Design

Reservoir assembly shall be designed to require a maximum 2 watts

of thermal input to maintain the assembly temperature at 614°K - 5°K.

This thermal input shall be supplied to the reservoir by means of

a thermal conduction path from the converter collector during steady

state sun operation. Electrical heating will be utilized during the

shade periods. The electrical heater shall be designed to control

temperature at 6140K.

2.4 Cesium Heater Assembly

2.4.1 Assembly Design

The assembly shall be demountable from the converter assembly for

easy replacement. The surface area and emissivity shall be

selected to insure a nominal operating temperature of 6140K with

a total continuous thermal input of 2 watts.

2.4.2 Assembly Components

The assembly shall include a heater element, thermostatic switch,

adjustable shields for optimizing equilibrium temperature, and a

shell structure capable of being easily affixed to the converter

reservoir tube.

2.4.3 Power and Voltage Design Requirements

The electrical heater power requirement shall not exceed 2 watts

to maintain the nominal 6140K temperature. Heater design

voltage shall be .918 volts. Heaters shall be designed to take

a 300% overvoltage for one hour without burnout.

2.4.4 Assembly Life

The heater shall demonstrate the ability to operate for one year

on a continuous or 10 minute on-off cyclic basis.

The thermoswitch shall demonstrate the ability to maintain

operation on a cyclic basis for 500,000 cycles with a 2 watt

resistive load at one volt DC. The heater insulating materials
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shall demonstrate the ability to survive one year of 10 minute

on-off cyclic life without decomposing, evaporating, loss of

dielectric properties, or contributing to the failure of the

heater element.

2.41.5 Thermo Switch Control

The thermoswitch shall be capable of 500,000 cycles maintaining

operation about a 6140K setpoint.

The maximum initial switch differential shall not exceed t 40K

with an increase not to exceed - 8°K over the one year period.

2.5 Solar Concentrator Assembly

2.5.1 Optical Specifications

2.5.1.1 Specular Reflectance - Operational

The specular reflectance of the concentrator surface shall not

be less than 89% and shall not degrade more than 3 percent during

one year's operation in the space environment.

2.5.1.2 Specular Reflectance - Storage and Testing

The specular reflectance of the concentrator surface shall

not degrade more than 2 percent for periods of storage up

to 18 months.

2.5.1.3 Concentrator Thermal Stresses

The concentrator shall withstand the thermal stresses encountered

during storage, transportation, launch and space flight without

any decrease in the measured efficiency.

2.5.2 Structural Specifications

2.5.2.1 Concentrator Frontal Diameter

The concentrator frontal diameter shall be five feet, exclusive

of support rings structure. The total frontal area shall be

19.5 ft 2
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2.5.2.2 Concentrator Rim Angle

The rim angle of the concentrator shall be selected to optimize

concentrator-absorber efficiency.

2.5.2.3 Concentrator Materials

The concentrator shell and support ring shall be nickel. These

structures shall be fabricated using the most advanced electro-

forming techniques. Supporting structures and appendages shall

be made of materials compatible with the concentrator structural

materials and the operational environment.

2.5.2.4 Concentrator Shell Geometry

Nominal shell thickness shall be .009 inches t .002 inches

with a maximum surface slope error of 5.5 minutes. Overall

geometry shall be sufficient to insure 95% of all concentrated

flux can pass through a 5/8 inch diameter aperture under

conditions of zero misorientation.

2.6 Modular Assembly

2.6.1 General

The design of the module shall incorporate concentrator, thermionic

generator assembly, support attachments for the generator, structural

support members, actuator and mechanism for attachment of the

thermionic generator to the spacecraft, to satisfy the optical,

structural, and thermal requirements specified herein.

2.6.2 Support Member Thermal Stresses

The converter support members shall be required to withstand thermal

stresses associated with operation in space.

2.6.3 Absorber Aperture Erection

The converter support members shall incorporate provisions for

accurate erection of the absorber aperture into the focal plane

at the focal point of the concentrator within 6 minutes of the

concentrator axis.
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2.6.4 Erection Control

The erection structure shall be actuated by springs of sufficient

stiffness to permit operation in a 1 g environment. The structure

shall be fitted with controls suitable for preventing excessive

or destructive forces or shock from being induced in the erection

process. The structure shall incorporate locks where necessary

to insure proper maintenance of concentrator-generator alignment

subsequent to erection. The structure may be allowed to deflect

in the 1 g environment to an extent that would Irevent operation

so long as the deflection is not permanent and full recovery could

be expected upon removal of the gravity induced forces.

2.7 Support and Deployment Structure

2.7.1 Support Members

The modules shall be supported on members which provide low

resistance electrical connection to the thermionic generators.

The measured loss, when the load is receiving maximum electrical

power, shall be less than 1 percent of the conducted power.

2.7.2 Hinge Joints

Dry lubricants shall be utilized in all hinge Joints. Joints

shall be designed with clearances sufficient to limit misalignment
in supporting structures to within + 6 minutes in any section.

Hinge Joints shall demonstrate a capability of not less than

100 complete cycles under vacuum conditions of 10-5 uE Hg without

loss of operational efficiency.

2.7.3 Extension

The deployment structure shall be capable of complete extension
while maintaining alignment of all section busses. The structure

may be supported so as to offset the effects of gravity which

would introduce intolerable deflection in the assembly. The

proper alignment of structural numbers within +" 6 minutes will

be verified after extension. A total of 20 complete extension

cycles without loss of alignment accuracy must be demonstrated
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in the 1 g environment. Such cyclic test will be conducted without

the modules affixed to the deployment structure.

2.7.4 Activation Mechanisms

All mechanical actuators shall be tested for positive operation

under vacuums of 10-5 mmHg or better. The operation of such

mechanisms shall also be verified as part of the module and

deployment structure tests. This shall include the motor operated

cable feed systems, cable release systems, and explosive bolt

release assemblies.

2.8 Battery Storage System

2.8.1 Battery Type

The type of battery shall be a sealed silver-cadmium battery.

2.8.2 Operating Characteristics

1. Nominal voltage 28 volts

2. Nominal current 54 amps

3. Maximum depth of discharge 52%

4. Cycle life 5840 cycles, 54 minute charge, 36 minute discharge

5. Operational life 1 year

6. Shelf life 2 years

7. Charge rate 40-41 amperes

8. Charge efficiency 77%

9. Temperature range -20OF to 1000F

10. Zero gravity to lg

11. Zero pressure to 1 atmosphere

2.8.3 Battery Weight

Total weight including case but exclusive of external

connections - 110 pounds.
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2.8.4 Battery Volume

Total volume exclusive of external connections - 1450 cubic inches.

3.0 ENVIRONMENTAL RELIABILITY AND VIBRATION TESTING

3.1 General

These tests shall be performed by the contractor and shall be in

addition to any other tests that have to perform to demonstrate

the ability of the Thermionic Conversion System to satisfy the

requirements detailed in other sections of this specification.

These tests shall be performed on all converters, concentrators

and components thereof. System structures and modular structures

will be subject to test in the stowed position only.

3.2 Environmental Test

3.2.1 Temperature Sterilization

The assembled units,and components thereof, shall be placed in a

suitable chamber and the temperature raised to 1250 C (257 0 F) for

24 hours, or 1600 C (320°F) for two hours. The time period shall

begin after temperature stabilization of the largest centrally

located thermal mass. The time required for this stabilization

shall be recorded. During actual sterilization the temperature of

the interior cannot be measured. This method is designed to insure

sterilization of the interior of the materials, including cracks,

cavities and joints. After 24 hours at 125°C, the temperature

shall be raised to 1400 C (285 0F) for 5 minutes. The time period

shall begin after temperature stabilization of the largest centrally

located thermal mass.

3.2.2 High Temperature Test

The assembled units, and components, thereof, shall be placed in a

suitable chamber and the temperature raised to + 1600 C for 4 hours.

The time period shall begin after temperature stabilization of the

largest centrally located thermal mass. The time required for

stabilization shall be recorded. This requirement is in addition
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to the high temperature requirement that shall be imposed on the

converter and support members due to actual operation.

3.2.3 Low Temperature Test

The assembled units, and components thereof, shall be placed in

a suitable chamber and the temperature lowered to -1500C for

4 hours. The time period shall begin after temperature stabilization

of the largest centrally located thermal mass. The time required

for stabilization shall be recorded. If this test is performed

in air, the water vapor shall be removed to prevent the formation

of frost on units under test.

3.3 Vibration Test

3.3.1 Mounting

The vibration test fixtures designed to hold the Thermionic Conversion

System, or individual components thereof, shall be vibrated alone

and resonant frequencies noted. The lowest resonant frequency shall

be higher than 300 cps. The Thermionic Conversion System, or

individual components thereof, shall then be mounted on the

respective fixture and a low-level (approximately 0.5 g) sine wave

shall be applied. A search for the resonances of the fixture-system

(component) combination shall be conducted. The vibration tests are

intended to simulate the deleterious effects which accompanies Atlas

and Centaur motor burning during their complete operation. The

assembly shall be attached firmly and securely to vibration exciter

without attempt to simulate spacecraft installation. The vibration

level shall be observed on the exciter as near to the supporting

bracket as possible. The assembly shall be subjected to the

vibration test in a direction parallel to the vehicle axis of

thrust and in two other orthogonal directions which are also

perpendicular to the axis of thrust. The assemblies shall be

removed from the exciter and shall perform satisfactorily.

3.3.2 Low Frequency Vibration Test

The assembly, or components, thereof, shall be subject to sinusoidal

vibration at frequencies between 1 cps and 40 cps for 24 minutes in

237



each of three orthogonal directions. The displacement of the

vibration shall be 3 inches from 1 to 3 cps and 3g, peak, from 3 to
40 cps. The sweep shall be such that the time rate of change of
frequency increases directly with frequency and 8 minutes is required

to sweep from 1 to 40 cps. The sweep shall be repeated three times.

Resonances of the item shall not be dwelt upon.

3.3.3 High Frequency Vibration Complex Wave Test
The test shall consist of a programmed sequence of band-limited

Gaussian noise and combined noise and sinusoidal vibration. The

total time in each orthogonal direction will be 9 minutes, 12 seconds

The test is as follows:

1. White Gaussian noise 15 g rms band-limited between

15 and 1500 cps for 6 seconds.

2. White Gaussi-n noise 10 g rms band-limited between

15 and 1500 cps for 3 minutes.

3. White Gaussian noise 4.5 g rms band-limited between

15 and 1500 cps plus at 4.5 g rms sinusoid superimposed

on the noise. The frequency of the sinusoid is swept

from 40 to 150 cps in 2 minutes at a rate increasing

directly with frequency. The sweep will be repeated

3 times making the total time 6 minutes.

4. White Gaussian noise 15.0 g rms band-limited between

15 and 1500 cpa for 6 seconds.

3.3.4 Static Acceleration

The assembly, or component, shall be subjected to a static

acceleration of 10 g in 3 orthogonal directions for five

minutes in each direction, one direction being parallel to the

axis of thrust.

3.3.5 Gas Sterilization Ethylene Oxide

The assembly shall be placed in a chamber and the ethylene oxide

gas circulated in and through the chamber until negligible air
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is present in mixture. Sufficient water vapor must be added to

increase the humidity to 25%. The ethylene oxide gas shall be

sampled to determine that these conditions are satisfied. The0 +0

temperature in the chamber shall be maintained at 72 C, - 3°C.

The test period shall be 24 hours. At the end of the test period,

the assembly shall be removed from the chamber and allowed to

stabilize at room conditions. The assembly shall then perform

satisfactorily.
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